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In this thesis, the fabrication and characterization of nickel oxide/nickel 
hydroxide (NiO/Ni(OH)2) nanostructures and thin films for electrochromic 
applications are investigated. Different fabrication methods have been investigated, 
including chemical bath deposition and template-assisted fabrication methods, e.g. 
anodized aluminium oxide (AAO) and laser interference lithography (LIL).  
For the fabrication of NiO/Ni(OH)2 nanostructures using the AAO template, the 
anodization of deposited aluminium on ITO/glass substrate is optimized and stabilized. 
Open-ended and close-ended nanostructures of Ni(OH)2 are obtained through varying 
the deposition durations. These Ni(OH)2 nanostructures are then annealed to become 
NiO. NiO thin films are prepared as the control samples using the same deposition 
condition, but without the use of a template. The result of electrochromic (EC) 
characterization shows that open-ended NiO nanostructures exhibit better EC 
performance compared to the close-ended NiO nanostructures and NiO thin films, 
which can be attributed to the high surface-to-volume ratio and the good connectivity 
to the electrolyte for electrochemical reactions. 
Fabrication of Ni(OH)2 nanostructures using an AAO template still has 
limitations caused by aggregation of nanowires during the drying process after 
template removal. To solve this problem, the LIL process is used for the fabrication of 
more ordered Ni(OH)2 nanostructures. Ni(OH)2 is cathodically electrodeposited and 
shows interesting morphology after an annealing process. Annealing of the as-
deposited Ni(OH)2 transforms the floated thin film from a fully connected one to one 




fragmentation mechanism, two different types of photoresist templates are prepared 
using LIL, one with rounded hole pattern and the other with oval hole pattern. Desired 
fragmentation systems are obtained in the nanoscale regime. For comparison, 
Ni(OH)2 thin films are fabricated using identical conditions (but without the use of the 
template) with different thicknesses. The annealed Ni(OH)2 nanostructure with 
uniformly distributed cracks shows superior EC performance, e.g. good coloration 
contrast and high coloration efficiency. The enhanced EC performance is attributed to 
the nanostructuring of the material and the improved porosity due to the cracking 
phenomenon. More importantly, this controllable fragmentation method can be 
applicable to a vast range of electroplatable metal hydroxide materials and offers a 
new dimension for the design and synthesis of other metal oxides/hydroxides which 
holds promise in different applications. Besides the electrochromic characterization, 
the pseudocapacitive performance of Ni(OH)2 nanostructures fabricated using LIL is 
also investigated.   
Besides inorganic EC materials such as NiO and Ni(OH)2, an organic EC material, 
polyaniline (PANI), is also investigated in this thesis. PANI films are synthesised 
using two different methods, namely chemical oxidative polymerization (COP) and 
electropolymerization. The PANI-NiO hybrid structure prepared by the COP method 
shows improved electrochromic performances, including larger transmittance 
modulation and better material stability during cycling, as compared to that of NiO 
nanostructures and pure PANI film. The CV characterization result of PANI-NiO 
hybrid structure prepared by electropolymerization method indicates that NiO may 
not be participating in the coloration process, which could be due to the fact that NiO 
is unstable in the acid electrolyte. 
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Chapter 1  
Introduction 
1.1 Background 
Nanostructured metal oxide and hydroxide have been widely reported for their 
applications in different areas such as catalysis [1], chemical sensing [2] and energy 
storage [3]. Nickel oxide (NiO) and nickel hydroxide (Ni(OH)2), in particular, are 
known for their usage in electrochromic devices due to their high coloration variation, 
good stability during cycling and relatively low cost [4, 5]. 
In 1969, electrochromic (EC) materials were brought to public attention by S. K 
Deb for his work on tungsten oxide films [6]. Electrochromism refers to the 
phenomenon by which materials change their optical properties when a certain 
amount of voltage is applied. These optical properties include colour, transparency, 
absorbance, reflectance, etc. This wonderful property has made EC materials very 
promising in areas of fenestration technologies, especially for practical applications 
such as in smart windows [4]. 
There are various smart window technologies available today, for example 
thermotropics, photochromics, suspended particle devices (SPDs), polymer dispersed 
liquid crystals (PDLCs) and electrochromics. Among these different technologies, EC 
technology is proving to be one of the most effective ways because the change in 
optical properties can be controlled manually using an applied bias, unlike 
photochromic or thermotropic materials whose properties are dependent on external 





continuous electrical supply for operation, EC materials can maintain their optical 
state when the external electrical bias is disconnected due to their inherent “open-
circuit memory” stability. EC materials also have an advantage of being able to 
achieve better colour and viewing properties when compared with PDLCs. Therefore, 
EC materials have attracted growing attention and have already realized commercial 
applications [7]. 
NiO/Ni(OH)2 thin film based EC devices have been fabricated and their stable 
performance have been demonstrated [4]. Compared with thin film structures, 
nanostructured NiO/Ni(OH)2 has the potential of enhanced EC performance, for 
example fast switching speed, good cycling performance and high colouration 
efficiency. These advantages can be attributed to the large surface-to-volume ratio of 
the nanostructures and the relatively short ion diffusion length. Nanostructured 
NiO/Ni(OH)2 with good interconnectivity naturally shows a high surface exposure to 
the electrolyte as a result of the increased porosity. 
1.2 Motivation 
So far, most researches on electrochromics are focused on tungsten oxide, with 
relatively less work on NiO/Ni(OH)2. In addition, most studies on NiO/Ni(OH)2 are 
based on thin film structures. Only a few studies on nanostructured NiO/Ni(OH)2 have 
been reported [8, 9], and there is still ample scope for researchers to explore further. 
In the reported works, various experimental techniques are used in the fabrication of 
NiO/Ni(OH)2 nanostructures. Most of these methods still have limitations such as 
time-consuming fabrication processes and the relatively high cost of synthesis. For 





effective EC devices through efficient procedures. In view of this, improvement in 
processing efficiency is of great importance. Another challenge for commercial EC 
applications is the integration of nanostructured EC materials with subsequent layers 
in fabricating a full EC device. Direct growth of nanostructured materials on 
transparent conductor substrates is essential in solving this problem. The direct 
growth of the active EC layer will also eliminate the need for additional complicated 
processing steps, which further enhances processing efficiency. 
Current commercially available smart windows use thin-film EC materials that 
are based on ion intercalation/deintercalation processes. Nanostructuring of materials 
has the potential of increasing the material-electrolyte surface area for larger 
pseudocapacitive effect and decreasing ion diffusion lengths for potential faster EC 
response time. Utilizing the pseudocapacitive effect, instead of ion 
intercalation/deintercalation “battery-type” phenomenon, can potentially result in 
faster EC switching and a more durable or robust device with longer cycling 
endurance. This is because ion adsorption/desorption on surfaces is a faster process 
and results in less physical degradation as compared to ion insertion/extraction in the 
material bulk. 
In addition, the use of an anodic EC material like NiO/Ni(OH)2 as the active 
electrode with hydroxyl (OH-) ions as the participating species in the EC process is 
relatively less explored as compared to cathodic EC material like tungsten oxide with 
the proton (H+) or lithium (Li+) ion as the ionic species. It will be a challenge to find a 
suitable counter or complementary electrode for NiO/Ni(OH)2, as well as identifying 
a suitable solid electrolyte, for a full-cell, solid-state EC device and to understand the 





on the counter electrode and solid electrolyte materials are beyond the scope of this 
work, nevertheless studies on nanostructured NiO/Ni(OH)2 in this thesis provide the 
starting point towards the eventual realization of a full-cell solid-state EC device. 
1.3 Objectives 
In this thesis, a comprehensive study of the direct growth of various Ni(OH)2 
nanostructures on indium doped tin oxide (ITO)/glass substrates is carried out. 
Different template-assisted methods are used in the electrodeposition of Ni(OH)2 on 
ITO/glass substrates, for example anodized aluminum oxide (AAO) templates and 
photoresist templates fabricated using the laser interference lithography (LIL) process. 
The deposition conditions, such as deposition voltage, time duration and pH value of 
deposition solution, are varied in order to modify the material structure. Through 
electrochemical characterization, the fundamental mechanism of electrochromism is 
further understood.  The EC performance can be improved by modifying the 
morphologies of nanostructured materials. 
1.4 Organization of Thesis 
The content of this thesis is divided into seven chapters, describing the studies on 
the fabrication and characterization of NiO/Ni(OH)2 nanostructures and hybrid 
organic/inorganic EC structures consisting of polyaniline (PANI) and NiO/Ni(OH)2. 
Following the present introductory chapter (i.e., Chapter 1), Chapter 2 gives a detailed 
literature review on the current development of NiO/Ni(OH)2 based electrochromics, 
including both fabrication processes and device performances. A brief literature 





work on PANI/NiO hybrid organic/inorganic EC structures. The experimental details, 
such as fabrication setups/processes and characterization techniques, used in this work 
are described in Chapter 3. Chapters 4, 5 and 6 present and discuss the experimental 
findings for various aspects of nanostructured NiO/Ni(OH)2 and hybrid structures of 
PANI and NiO/Ni(OH)2. For Chapters 4 and 5, the aim is to obtain optimized material 
structures for EC applications. Chapter 4 presents the results and discussion on the 
fabrication, characterization and optimization of the NiO/Ni(OH)2 nanostructures 
fabricated using AAO templates. Chapter 5 presents the results and discussion on the 
fabrication, characterization and optimization of more ordered NiO/Ni(OH)2 
nanostructures fabricated using photoresist templates obtained from the LIL process. 
The fabrication and characterization of hybrid structures of PANI and NiO/Ni(OH)2 
are described in Chapter 6. Lastly, Chapter 7 summarizes the accomplishments of this 
work and the presents some recommendations for future work. 
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Chapter 2  
Literature Review 
This chapter provides a literature survey on the fabrication processes of nickel 
hydroxide/nickel oxide Ni(OH)2/NiO thin films and nanostructures. The current 
development of Ni(OH)2/NiO based electrochromics, including device performances, 
is also described. A brief review on polyaniline (PANI), which is used to synthesize 
the hybrid organic/inorganic electrochromic (EC) structures, is also included. 
2.1 Synthesis of Ni(OH)2/NiO Thin Films 
Numerous methods of producing NiO thin films have been published, including 
cathodic and anodic electrodeposition [10, 11], evaporation [12], sputtering [4], 
atomic layer deposition [13], sol-gel [14] and chemical bath deposition (CBD) [5] etc.  
In this work, solution-based methods (i.e., CBD and cathodic electrodeposition) 
are adopted. For the CBD method, it has advantages such as no requirement of 
advanced and complicated fabrication equipment, ease of experimental synthesis, cost 
efficiency and also being capable of large scale production. Compared with NiO thin 
films produced by other methods, such as sol-gel or sputtering, CBD thin films show 
larger transmittance variation. This large transmittance variation can be attributed to 
the highly porous structure of the thin film, since it is believed that the EC process 
takes place on the surface or grain boundaries. In the work of Pramanik and 
Bhattacharya [15], they firstly proposed the commonly used CBD method for NiO 
thin film fabrication, which is to use nickel sulphate, potassium persulfate and 





using the CBD method are mainly for the study of coloration and degradation 
mechanisms during the EC process. The main chemical reaction during the fabrication 
process is expressed as: 
Ni2+ +2OH- → Ni(OH)2         (2-1) 
By annealing the as-deposited Ni(OH)2 under 300°C in air ambient, the hydroxide 
turns into NiO. 
For the cathodic electrodeposition method, it is used in this work mainly because 
the size and morphology of the resulting products can be easily controlled through 
adjusting experimental variables (e.g., deposition duration). The as-deposited Ni(OH)2 
is also annealed under 300°C to become NiO. In this work, the cathodic 
electrodeposition method is used not only for conventional thin film fabrication but 
also for the fabrication of nanostructures. The detail discussion will be given in the 
next section. 
2.2 Synthesis of Ni(OH)2/ NiO Nanostructures 
Compared to conventional thin film and other compact structures, nanostructured 
materials can show enhanced EC properties due to their large surface-to-volume ratio 
and reduced diffusion length, since the EC process mainly takes place on the surface 
of the material. So far, the main focus of research in this area is still on nanostructured 
NiO thin films. Only a few works have been carried out to investigate the EC 





2.2.1 Template Assisted Methods 
Template assisted methods are widely used for fabrication of NiO and Ni(OH)2 
nanostructures.  
Needham et al. [16] fabricated NiO nanotubes using a template processing 
method via a two-step chemical reaction in anodic aluminium oxide (AAO) template 
for application as electrodes in lithium ion batteries. As shown in Fig. 2-1, the NiO 
nanotubes are of high aspect ratio with an average diameter of ~200 nm and length of 
~60 μm.  
 
Figure 2-1 SEM images of NiO nanotube bundles fabricated in Needham et al.’s work 
[16]: (a) low magnification image and (b) high magnification image. In this work, the 
NiO nanotubes are fabricated using AAO templates via a two-step chemical reaction. 
Shi et al. [17] fabricated NiO nanotubes (see Fig. 2-2) in a porous AAO template 
by a wet chemistry templating method using a nickel-ammine complex as a precursor. 






Figure 2-2 Cross-section SEM images of NiO nanotube arrays fabricated in Shi et 
al.’s work [17]: (a) low magnification image and (b) high magnification image (the 
arrows point to holes in the nanotubes). In this work, the NiO nanotube arrays are 
fabricated using AAO template via chemical base deposition method.  
Wang et al. [18] fabricated alpha-nickel hydroxide nanowire by conversely 
migrates technique using an AAO template. As shown in Fig. 2-3, the Ni(OH)2 
nanowires have an average diameter of ~60 nm and length of ~5 μm. 
 
Figure 2-3 FESEM images of Ni(OH)2 nanowires fabricated in Wang et al.’s work 
[18]. (a) Field emission scanning electron microscopy (FESEM) image of Ni(OH)2 
nanowires, with inset showing the higher magnification image. (b) Cross-section 
FESEM image of the Ni(OH)2 nanowire arrays after partially removing the AAO 
template. The Ni(OH)2 nanowires are fabricated using AAO template via a conversely 
migrates technique. 
Cai et al. [19] also fabricated nickel hydroxide nanotubes by typical chemical 
deposition within AAO membranes, which is to immerse an alumina template in 0.4M 





after removing the alumina membrane from the nickel solution. As shown in Fig. 2-4, 
the fabricated nanotubes have an average diameter of ~200 nm. 
 
Figure 2-4 SEM images of Ni(OH)2 nanotubes in Cai et al.’s work [19]. (a) Overall 
view at low magnification. (b) Walls of the tube bundles. (c) Tube-bundle tips at high 
magnification. The Ni(OH)2 nanotubes are synthesized through a typical chemical 
deposition method using AAO membranes as templates. 
Lin et al. [20] fabricated NiO nanowire in AAO template (see Fig. 2-5) by using 
an electrochemical deposition method. The electrodeposition was carried out in a bath 
containing 1.8 M Ni(NO3)2 and 0.075 M NaNO3 in a solvent of 50% volume percent 
ethanol. The pH of the solution was adjusted in the range from 3.0 to 3.5 by adding 
nitric acid solution. The nanowires are electroplated under a bias varying from 2 to 5 
V. The authors also proposed the following chemical reactions during the 
electroplating process: 
NO3- + 7H2O + 8e- → NH4+ + 10OH-          (2-2) 
As OH- is formed at the electrode, the pH value around will increase and result in the 
precipitation of Ni(OH)2 at the electrode surface as follows: 
     Ni2+ +2OH- → Ni(OH)2                                       (2-3)  





    Ni(OH)2 → NiO + H2O                           (2-4) 
 
Figure 2-5 A typical SEM image of the fabricated NiO nanowires in Lin et al.’s work 
[20]. 
In our work, a similar electroplating solution is employed. Based on this, some 
optimization processes are carried out for the electroplating, e.g. adjusting the applied 
voltage and pH value of the reaction solution. It can also be noticed that the NiO 
nanowires fabricated in Lin et al.’s work are dispersed and relatively less convenient 
to be integrated to a full device structure. Therefore in our work, direct fabrication of 
Ni(OH)2 on transparent conductive substrates, such as ITO-coated glass, becomes an 
essential step to solve this problem. 
2.2.2 Other Synthesis Methods  
In addition to template assisted methods, other synthesis methods have also been 
investigated for the fabrication of NiO and Ni(OH)2 nanostructures. For example, 
Zhang et al. [21] prepared porous polycrystalline NiO nanowires by thermal 
decomposition of a nickel precursor solution. Malandrino et al. [22] produced 
irregular bee-hive like nanotubes by metal-organic chemical vapour deposition 
(MOCVD).  Scherer et al. [9] reported a synthesis method of three-dimensional (3-D) 





[23] used a novel method through metal etching oxidation to obtain uniform and 
aligned crystalline NiO. Patil et al. [8] reported the synthesis of 1-D NiO nanorods 
grown on ITO thin film via the hot-filament metal-oxide vapor deposition (HFMOVD) 
technique and SEM images of the nanorods array are shown in Fig. 2-6. 
 
Figure 2-6 FESEM images of (a) top and (b) side views of the array of 1-D NiO 
nanorods synthesized in Patil et al.’s work [8]. Photograph inset of (a) shows the 
transparent NiO nanorods arrays. 
2.3 AAO Template Fabrication 
It can be seen from the above that most of the methods producing NiO 
nanostructures are based on the use of AAO templates; the relevant processes are 
relatively more efficient and easier to be handled comparing to other synthesis 
methods. AAO templates are known for providing good guidance for the 
nanostructure growth and the scale (length and diameter) of the products can be easily 
controlled. However, very few of the above methods can produce uniformly aligned 
NiO nanostructures, and most of the products are dispersed after template removal. As 
mentioned earlier, the lack of an appropriate substrate can cause much inconvenience 





to fabricate uniformly aligned Ni(OH)2 or NiO nanostructures on a transparent 
conductive substrate which can be easily transferred to an applicable EC device. 
2.3.1 Conventional AAO Template Fabrication 
The conventional AAO template refers to an AAO template synthesised on Al foil 
using the well-established two-step anodization process [24]. The AAO template has a 
porous membrane structure with regular columnar pores aligned inside. The diameter 
and length of these pores can be separately adjusted to achieve different aspect ratios, 
which can range between 5 and 1000, or even larger. The template is fabricated 
through the oxidation of an aluminium (Al) anode and the dissolution of the 
aluminium oxide (Al2O3) formed in an acidic electrolyte [25]. A constant voltage is 
applied between the Al anode and an inert cathode during the anodization process. 
Oxygen ions (O2-) are generated through the following reaction: 
2OH- → H2O + O2-               (2-5) 
The oxygen ions subsequently react with Al ions to form Al2O3 at the anode 
through the following reaction: 
2Al3+ + 3O2- → Al2O3           (2-6) 
When Al2O3 is continuously formed at the oxide-metal interface, the dissolution 
of the oxide at the electrolyte-oxide interfaces keeps thinning the oxide layer. When 
the rate of oxidation is equal to that of dissolution, the anodization continues without a 
net change in the thickness of the oxide layer. At the beginning of the anodization 
process, once voltage is applied, defects such as impurities, dislocations and the rough 





The horizontal growth of the pits is confined when the walls of two adjacent pores are 
merged and the vertical growth of the pits is preferred. The lack of an Al source and 
the horizontal repulsive electric field will prevent further widening of the pores. A 
hexagonal pattern can then be achieved when the self-adjustment of the inter-pore 
distance takes place across the entire anodized area. 
The above anodization process will produce a layer of irregular porous structures 
on the top of the AAO membrane since the pores are originated from the randomly 
located defects. In this way, one more anodization process is needed to create a more 
regular arrangement of the pores. The widely reported two-step anodization process is 
thus typically used [24]. When the alumina layer is removed after the first anodization 
process, an ordered concave structure of dimples is left on the surface and this ordered 
structure will serve as the nucleation sites for pore growth during the second 
anodization process. Finally, a membrane with a much regular pore arrangement can 
be obtained after the second anodization process. 
An oxide barrier layer will be formed at the bottom of the pores during the 
anodization process. This barrier layer can be removed through a pore widening 
process and thus a through-pore template can be obtained once the remaining Al foil 
is also removed. The entire template preparation process is illustrated in Fig. 2-7. 
Figure 2-7 (a) shows the formation of porous Al2O3 after first anodization process. 
Then the template undergoes a removal process of the newly formed Al2O3, leaving 
behind a template surface with ordered structure, as shown in Fig. 2-7 (b). After that, a 
second anodization process is carried out and a more ordered Al2O3 structure is formd, 
as shown in Fig. 2-7 (c). A metal layer is then coated onto the surface of the AAO 





the target material is electroplated into the template pores, the template can be 
removed in sodium hydroxide (NaOH) solution. The final template is shown in Fig. 2-
7 (e). 
 
Figure 2-7 Schematic illustration of the fabrication of conventional AAO template on 
Al foil. (a) Porous Al2O3 after first anodization. (b) Removal of porous Al2O3 layer 
leaving behind an ordered concave structure of dimples. (c) More ordered Al2O3 
porous structures are formed during the second anodization step. (d) Coating of metal 
layer. (e) Removal of the barrier layer and remaining Al layer. 
2.3.2 AAO Template Fabrication on ITO/glass Substrate 
Since EC devices are usually used in the form of fenestration systems such as 
smart windows, the fabrication of uniform NiO or Ni(OH)2 nanostructures on 
transparent conductive substrate is in urgent need. In view of this, one possible 
approach to achieve this goal is the fabrication of the AAO template directly on an 
ITO/glass substrate with not only sufficient adhesion but also good conductivity. 
However, considering the volume expansion of the Al film during anodization, which 
can be as high as 40% [26], the poor adhesion between the AAO template and the 





the fact that ITO is not electrochemically inert to the anodization process. The 
electrolyte can diffuse through the pinhole defects in the Al layer and anodize the 
underlying ITO layer [27]. Anodization of ITO can cause delamination of the AAO 
template and a substantial increase in the resistivity of the substrate. 
The first direct fabrication of the AAO template on ITO glass substrate is 
demonstrated by Chu et al. [28]. They successfully prepared an AAO template from a 
2 μm thick Al film sputtered on an ITO/glass substrate. Foong et al. [27] attributed 
Chu et al.’s success to the improved physical bonding between AAO and ITO 
resulting from sputter deposition. However, in Chu et al.’s work, sparks and gas 
evolution caused by partial anodization of the ITO/glass substrate were observed as 
pores grew down to the Al/ITO interface. 
 
Figure 2-8 Anodization behaviour of Al on ITO/glass with different Ti interlayer 
thickness in Foong et al.’s work. [27] 
Foong et al. [27] used a titanium (Ti) interlayer between Al and ITO to improve 
adhesion and also to prevent anodization of ITO. The chronoamperic measurements in 
Fig. 2-8 show the behaviour of the AAO growth with different Ti interlayer 





when no interlayer is present. When a Ti interlayer is used, anodization proceeds well 
and the current gradually approaches zero as pore growth reaches the interface. The Ti 
interlayer is proposed to serve as both an adhesion and passivation layer. It should 
strengthen the adhesion between Al and ITO, as well as preventing the ITO/glass 
substrate from being anodized. However, thick barrier layers can be formed resulting 
from the use of Ti and other “valve” metals as adhesion layers [27, 29, 30]. In this 
case, the Ti is converted to amorphous TiO2 during anodization. This thick barrier 
layer greatly decreases the template conductivity, and thus interfering with further 
nanostructure deposition. 
During the conventional anodization process, a barrier layer is formed at the 
bottom of AAO pores, as introduced in section 2.3.1. For anodization on ITO/glass 
substrate, an inverted U-shaped barrier layer (Fig. 2-9) can be observed after 
anodization [27]. To ensure good conductivity of the as-prepared template, this thick 
barrier layer should be removed, or at least the barrier layer thickness should 
effectively be reduced. However, removal of the barrier layer in phosphoric acid 
would also remove the entire as-prepared template. Foong et al. [27] reported that a 
thinner Ti interlayer would result in a thinner barrier layer. They used an ultrathin (0.2 
- 0.5 nm) Ti interlayer and the barrier layer is reported to be only ~20 nm thick, thus 
circumventing the above-mentioned problem.  
 





Besides Foong et al.’s method, Crouse et al. [31] introduced an in situ barrier 
layer removal method, which is to increase the voltage at the end of the anodization 
process. Hill et al. [26] fabricated much thicker (2.2 μm) AAO template with Ti or Cr 
interlayers in various electrolytes. These researchers tried Foong et al.’s method but 
cannot repeat their result with the 0.3 nm thick Ti interlayer. They attributed the 
failure to the O2 plasma cleaning of the ITO/glass substrate before anodization was 
performed by Foong et al. [27]. This is because the plasma cleaning may strengthen 
the bonding, and thus the adhesion, between Ti and ITO. Tasaltın et al. [32] 
demonstrated removing the barrier layer using a cathodic polarization process. This 
process is to apply a negative voltage (~2 V) to the AAO template in 0.2M KCl 
solution. They also proposed the underlying mechanism for the cathodic polarization 
process to be due to H+ ions in the solution being reduced to produce H2 gas, leaving 
behind an alkaline KOH solution, which can dissolve the barrier layer according to 
the following reaction: 
Al2O3  +  2KOH  →  2KAlO2  +  H2O          (2-7) 
Since the electric field is parallel to the pores, lateral etching of the pore walls 
will be minimized. Only the barrier layer is etched as a result. The current is 
continuously increasing during the polarization process. However, if the current rises 
too high, the AAO template will break and form cracks due to the increasing influence 
of OH- ions. In their case, the Ti layer is 200 nm thick. When the Ti layer thickness is 
greatly reduced, the polarization duration should be precisely controlled. For the 
mechanism of the KCl cathodic polarization process, Tian et al. [30] held a different 
opinion that the reverse bias may result in an increase in the concentration of H+ ions; 





2.3.3 Template Preparation by Laser Interference Lithography 
Besides using AAO templates, other template assisted methods, such as 
lithography-based methods, are also widely used for the fabrication of nanostructured 
materials. Conventional photolithography and electron-beam lithography still have 
restrictions such as limited spatial resolution, low throughput and time-consuming 
procedures. There has been an increasing number of studies using laser interference 
lithography (LIL) for the fabrication of periodic ring and wire nanostructures [33, 34]   
(shown in Figs. 2-10 and 2-11, respectively) and photonic crystal nanostructures [35] 
(shown in Fig. 2-12). LIL is known as a mask-less procedure, with relatively low cost 
and good controllability of the pattern size. In the past few years, most of the works 
that used the LIL procedure have focused on fabrication of metal, silicon and other 
materials. In view of this, fabrication of metal hydroxide nanostructures by LIL 
process, as a highly efficient and low-cost approach, might be of great interest and 
promise.   
 
Figure 2-10 SEM images of arrays of gold rings with different geometries fabricated 
using laser interference lithography: (a) Hexagonally arranged elliptical rings array 
with 57 nm wire thickness. (b) Circular ring array with 103 nm wire thickness. (c) Top 
and (d) cross-sectional views of an elliptical ring array with an aspect ratio of 11:1 






Figure 2-11 SEM images of silicon nanowires fabricated using laser interference 
lithography: (a) Top view, (b) tilt view (35°) and (c) side view. [34] 
 
Figure 2-12 SEM images of 3-D Cu2O photonic crystals after template removal: (a) 
Top view and (b) cross-sectional view of the Cu2O photonic crystal electrodeposited 
within the template followed by RIE removal of the template. (c) Top view and (d) 
cross-sectional view and (d) cross-sectional view of a polished Cu2O photonic crystal. 
[35] 
2.4 Morphology Change of Ni(OH)2 During Annealing 
2.4.1 Morphology Change Induced by Decomposition Process 
Ni(OH)2 can be oxidized into NiO under certain temperatures. Studies on the 
annealing of Ni(OH)2 have shown that there are two stages of chemical reaction 
involved. The first is the dehydration process, which takes place below 250°C and the 
reaction is given as follows:  





The second reaction is the decomposition process which takes place above 250°C, 
and the reaction is as follows: 
Ni(OH)2 → NiO + H2O                                    (2-9) 
It has been reported that the annealing of Ni(OH)2 can, to a certain extent, lead to 
some change of its morphology. Patil et al. [36] found that the surface of  
nanocrytalline Ni(OH)2 changed from honeycomb structures to spherical grains due to 
the removal of loosely bounded hydroxyl species. Liu et al. [37] observed a shrinkage 
of the Ni(OH)2 structures after annealing while the original morphology was almost 
intact. In their work, the shrinkage of Ni(OH)2 is also observed at a higher 
temperature of 500°C, but there is an obvious morphology change such that the 
Ni(OH)2 nanosheets turned into NiO nanorolls after annealing. Zhu et al. [38] also 
reported that NiO nanosheets can be obtained by annealing of Ni(OH)2 nanocolumns 
at temperatures above 500°C. 
2.4.2 Fragmentation of Thin Film Structures 
The fragmentation phenomenon is often observed during the dehydration of 
materials, which can be considered as a specific kind of morphology change process. 
A lot of theoretical and experimental work has been performed to investigate the 
fragmentation phenomenon, including mechanisms of crack formation and growth, 
geometries of fragmentation patterns, etc. 
Though cracking in drying systems has long been investigated on various 
materials, there are still arguments on the fundamental understanding of the cracking 





critical cracking thickness (CCT) theory. Critical thickness refers to the thickness that 
cracks are formed on a thin film, which occurs when the energy required to form a 
crack is less than the energy gained in relieving the strain in the films. Chiu et al. [39, 
40] suggested that the CCT is independent of the drying rate and will increase with 
particle size. Based on Chiu et al.’ work, Singh et al. [41] further investigated the 
CCT and identified two distinct regimes for calculation of CCT, which are the strain-
limited regime and stress-limited regime, respectively. 
The geometry and size of fragmentation patterns vary dramatically for different 
materials [42, 43]. It has been reported that the size of fragments and the distance 
between cracks increase with film height, but the scaling law varies in different 
fragmentation systems. For example, linear relationships between average crack 
distance and thin film thickness have been reported [44]; this finding agrees well with 
a previous theoretical model [45]. In some other reported works, a linear relationship 
between the square root of the fragment size and thin film thickness is observed [46, 
47] and also confirmed by theoretical calculation [48]. Ngo et al. [46] emphasized the 
importance of distinguishing between the primary and secondary cracks when 
studying the scaling laws, since they found that isotropic and directional primary 
crack patterns both follow the same scaling law while the disappearance of the 
secondary cracks at small film thickness indicates a non-universal feature. 
Different models have also been proposed to investigate the fragmentation 
phenomenon, A representative model is the elastic energy model [49-51]. In this 
model, the thin film structure is represented using a 2-D lattice where its nodes are 
connected through springs that obey Hooke’s Law. The spring will break when a 





2-13 [52]. Using this model, Hornig et al. [50] analyzed the pattern of cracks and the 
dependence of the fragment sizes on the strain. Relationships of L ~ (∆R)-1/2 and L ~ 
(∆R)-1/3 were proposed respectively for weak and strong disorder systems, where L 
refers to the characteristic fragment size and ∆R refers to the elongation of the 
substrate.  
 
Figure 2-13 Schematic of a 2-D spring network model. The 2-D elastic layer is 
discretized to a random lattice structure. The triangular tiles as shown in the figure 
will be removed if their elastic energy exceeds the breaking threshold. [52] 
2.5 Application of Ni(OH)2/NiO in Electrochromic Devices 
2.5.1 Electrochromic Materials 
EC materials can be categorized into three typical types according to their 
different states under room temperature, which are liquid, neutral and solid types. In 
terms of their chemical compositions, they can be divided into metal oxides, 
conducting polymers and molecular dyes. Among different kinds of EC materials, 
metal oxides stand out due to their good cycling endurance compared to organic EC 
materials. Metal oxides can be easily produced, thus making them more cost effective 
for mass production. Most EC materials discovered so far are oxides of metals such as 
W, Mo, Ni, Ti, V and Nb. These materials can be further classified into two kinds, 





Anodic EC materials refer to materials that change their colours by charge insertion 
while cathodic EC materials change their colours by charge extraction [53]. 
Among these different metal oxides, tungsten oxide is one of the most commonly 
used cathodic EC material while nickel oxide is one of the most popular anodic metal 
oxides. As mentioned in Chapter 1,  Ni(OH)2/NiO is investigated in this project 
because it can yield mixed oxides of different sub-stoichiometries or phases that show 
different colour/transmittance, and it has advantages such as good cyclic reversibility, 
relatively low production cost and high coloration efficiency [4, 5]. The colouration 
efficiency (CE) η is measured between the coloured and bleached states of the 
samples. CE is defined as the ratio of the change in optical density (ΔOD) of the film 
between coloured (TC) and bleached (TB) states at a certain wavelength (λ), divided 
by the injected (or ejected) surface charge density (Q) as follows:  
CE (λ) = ΔOD(λ) / Q                     (2-10) 
ΔOD (λ) = loge (TB/TC)                           (2-11) 
where TC and TB are the transmittances of the coloured and bleached states 
respectively. 
2.5.2 Electrochromic Mechanism of NiO 
So far there is still no clear understanding of the EC mechanism of NiO and 
Ni(OH)2 in aqueous electrolytes, partially due to the fact that various phases of NiO 
and Ni(OH)2 exist for both the bleached and coloured states. Many redox reactions 





these reactions are electrochemically reversible with the bleached state appearing on 
the left hand side and the coloured state on the right hand side. 
Ni(OH)2  ↔  NiOOH  +  H+  +  e-                                       (2-12) [54-56] 
NiO  +  OH-  ↔  NiOOH  +  e-                                           (2-13) [12, 57] 
Ni(OH)2  +  OH-  ↔  NiOOH  +  H2O  +  e-                       (2-14) [12, 54] 
NiO + Ni(OH)2   ↔  Ni2O3  +  2H+  +  2e-                          (2-15) [4] 
NiO  +  H2O  ↔  NiOOH  +  H+  +  e-                                (2-16) [58] 
Ni(OH)2  +  3NiO  ↔  NiO  +  Ni3O4  +  2H+  +  e-            (2-17) [59] 
Among these reactions, the extraction of proton and the insertion of hydroxide 
ion are the most widely accepted mechanisms. Niklasson et al. [5] showed that the EC 
process involves only H+ transfer, instead of OH- since the O/Ni ratio before and after 
the EC process hardly changes. They proposed that a Bode scheme reaction (reaction 
(2-12) above) has occurred, which was firstly proposed by Bode et al. [60]. However, 
this reaction does not involve NiO and it cannot explain how the valency of the Ni in 
NiO changed from 2+ to 3+. Therefore, reactions (2-13), (2-15) and (2-17) are 
proposed in which NiO is involved in the bleached state. Besides, it is found that 
NiOOH can also be formed on the grain surfaces since water may be initially present 





2.5.3 Electrochromic Devices and Applications 
As introduced in Chapter 1, electrochromism refers to the phenomenon that 
materials change their colours under a certain amount of applied bias or current [4]. 
Optical properties of EC materials include the colour, transparency, reflectance, 
transmittance and absorbance of the materials. These optical properties can be 
adjusted and thus be used to control the amount of light and heat passing through the 
EC materials and devices. EC materials are known for their usage in wide areas such 
as smart windows, smart displays and non-volatile displays [4]. Although the 
applications of EC materials in the area of displays currently cannot compete with the 
fast rising liquid-crystal technology, EC materials are still quite promising for its 
usage in the area of smart windows fabrication. By careful selection of EC materials 
and appropriate structural design, smart windows will not only allow visible light to 
pass through, but also at the same time block the heat by reflecting back the infrared 
(IR) light as well as absorbing the ultraviolet (UV) radiation. These energy-saving 
smart windows can be very helpful and commercial-promising in tropical areas such 
as Singapore. Besides the given advantages, EC material based smart windows are 
also known as energy saving devices since once a certain coloured or bleached state is 
turned on, there is no need for electricity or other power supply to maintain the 
current optical state. In view of this, it is also possible to fabricate self-sufficient 
systems when these EC materials based smart windows are combined with 
photovoltaic materials [53]. 
Figure 2-14 shows the standard prototype structure of an EC smart window. The 
two outer layers are substrates made of glass and they are usually coated with 





device can be controlled electrically when a bias is applied. The inner three layers are 
essentially the device structure that allows EC operation and function. The central 
layer is an ion conductor that works as the electrolyte. The electrolyte is to transport 
ions to and from the EC film next to it, as EC materials change their colour upon ion 
insertion and extraction processes [4]. Usually there are two kinds of ion conductor, 
organic (adhesive polymer) and inorganic (metal oxide). The ion storage film is next 
to the ion conductor layer. This layer is in contact with the conductor layer on each 
side to provide and temporarily store ions for the EC reaction and form a closed 
circuit with an external bias. Usually, the ion storage film is also an EC material that 
works as a complement to the intended EC film. For example, if the EC film is a 
cathodic EC layer, the ion storage film can be made of anodic EC material. Therefore, 
when one film is coloured upon charge insertion, the other film is in turn coloured 
upon charge extraction and thus the colouration efficiency of the device is enhanced. 
In this way, the study of Ni(OH)2/NiO materials and their EC properties is of great 
importance because it is the only anodic EC material that can be obtained at relatively 
low cost.  
 





2.5.4 Pseudocapacitive Electrochromic Devices 
Besides its usage in the fabrication of electrochromic devices, Ni(OH)2 is also an 
attractive candidate for supercapacitor applications due to its demonstrated high 
specific capacitance. In recent decades, supercapacitors, also known as ultracapacitors, 
have attracted much attention as novel energy storage devices due to their high energy 
density, long cycle stability and short charge time [61-63]. A typical supercapacitor 
construction is shown in Fig. 2-15.  
 
Figure 2-15 Typical construction of a supercapacitor. 
The energy storage principle of supercapacitors combines two storage 
mechanisms, including energy achieved by charge separation in a Helmholtz double 
layer and energy achieved by faradaic redox reactions with charge-transfer. The 






Figure 2-16 Illustration of different mechanisms of capacitive energy storage. (A) and 
(B) are carbon particles and porous carbon electrode, where the double-layer 
capacitance develops from. The double layer shown in this figure arises from 
adsorption of negative ions from the electrolyte on the positively charged electrode. 
(C) and (D) refer to the redox pseudocapacitance and intercalation pseudocapacitance, 
respectively. As an example, (C) occurs in hydrous RuO2 and for (D), the Li+ ions are 
inserted into the host material. [64] 
Supercapacitors have great potential to complete or replace traditional batteries 
for wide applications [61-63, 65]. Compared to traditional batteries, materials used in 
supercapacitor applications have different electrochemical characteristics, as shown in 
Fig. 2-17 [64]. It can be seen that for a traditional battery material, the current 
response to a linear change in potential is constant (Fig. 2-17(a)), while the capacitor 
material exhibits Faradaic redox peaks (Fig. 2-17(b)). Figure 2-17(c) gives an 
example of MnO2 pseudocapacitor, we can see that its galvanostatic discharge 
behaviour is linear for both bulk and nanoscale material, while LiCoO2 in Fig. 2-17(d) 







Figure 2-17 Electrochemical characteristics distinguishing capacitor and battery 
materials. [64] 
The capability of a material can be significantly influenced by its surface area, 
pore size, pore volume and surface morphology. In view of this, a nanostructured 
material with high surface area and good interconnectivity would be expected to 
exhibit superior performance when used in a supercapacitor system. In fact, superior 
performance and high specific capacitance (Cs) of NiO and Ni(OH)2 based 
nanostructures have been widely reported. These include nanoflake-like Ni(OH)2 [66], 
nanoporous Ni(OH)2 thin films [67], 3-D nanoporous Ni(OH)2 thin films [68], 
Ni(OH)2 nanosheets [69], Ni(OH)2 nanoplates on Ni foam [70], porous NiO nanotube 
arrays [71], nanostructured NiO-Ni material [72] and NiO nano-sheets [73]. 
2.6 Inorganic-Organic Hybrid Materials for Electrochromic Applications 
Besides inorganic EC materials, organic EC material such as polyaniline (PANI) 
and poly (3, 4-ethylenedioxythiophene) (PEDOT) are also widely used for EC 





electrode to complement the anodic EC material, PANI, in a complete EC device [74]. 
PANI, in particular, has gained much attention due to its good environmental stability, 
ease of preparation and large variety of application in different areas [75]. For its 
usage in electrochromic applications, PANI is known for the ability to exhibit high 
colouration contrast with a variety of colour possibilities [76] and rapid response time 
[77]. 
2.6.1 Fabrication of PANI Films and Its Colouration Mechanism 
Two methods are commonly used in the fabrication of PANI films, namely 
chemical oxidative polymerization and electropolymerization. 
Synthesis of PANI films using the chemical oxidative polymerization (COP) 
method, also known as the chemical bath deposition (CBD) method, usually involves 
the process of mixing aniline hydrochloride solution with ammonium persulfate (APS) 
solution. This method is firstly proposed by J. Stejskal et al. in 1999 [78]. The 
chemical reaction for PANI formation is depicted in Fig. 2-18 [79]. 
 
Figure 2-18 Chemical reaction between aniline hydrochloride and APS to form 
polyaniline hydrochloride [79]. 
For the synthesis of PANI using the electropolymerization method, an applied 
voltage is required. In electropolymerization, PANI films can be deposited using the 





The colouration mechanism of PANI has long been studied and investigated. As 
one of the most popular organic EC materials, PANI is known for its ability to switch 
between different colours depending on its oxidation state. Figure 2-19 shows the 
chemical structure of PANI under different states [77]. The three distinct oxidation 
states of PANI are leucoemeraldine (fully reduced, non-conductive, transparent 
yellow colour), emeraldine (50% oxidized, conductive, green/blue colour) and 
pernigraniline (fully oxidized, non-conductive, violet/black colour).  
 
Figure 2-19 Different states of PANI in redox chromism. [77] 
A typical CV curve of PANI is shown in Fig. 2-20 [76]. This CV curve reveals 
two oxidation peaks of PANI. Peaks A1 and C1 are formed due to the change between 
the leucoemeraldine base and the emeraldine salt with anion doping upon oxidation 
and de-doping during reduction. Peaks A2 and C2 are formed due to the change 





processes of anions. Peak Am is suggested to be a result of a side reaction leading to 
the irreversible degradation of PANI [76].  
 
Figure 2-20 Typical CV curve for a PANI thin film electrode scanned between -0.5 V 
and 1.0 V in 0.1 M LiClO4 (lithium perchlorate) + 1mM HClO4 (perchloric acid) + PC 
(propylene carbonate) at a scan rate of 100mV/s. [76] 
2.6.2 PANI-NiO Hybrid Structures 
Inorganic EC materials are known for their stable chemical stability and surface 
hardness while organic EC materials are mechanically flexible and can show high 
coloration contrast. It is believed that hybrid structures of inorganic and organic EC 
materials are able to combine the advantageous properties of both materials [82].  
Both NiO and PANI are promising anodic EC materials; the superior 
electrochemical performance of their hybrid structures have been demonstrated in 
previous works. For example, in the work of Sonavane et al. [83], the colour of 
NiO/PANI can change from yellow to green under a potential range of -0.7 to 0.8V, 
as shown in Fig. 2-21(a). The CE value of their sample can reach as high as 85 cm2C-1. 





can be seen in Figs. 2-21(b) and (c). The hybrid NiO/PANI film enhances the EC 
property of NiO and the electrochemical cyclic stability of PANI. 
 
Figure 2-21 (a) Photographs of a NiO/PANI sample in its coloured state under 
different applied potentials. (b) Transmittance variation for NiO, PANI and NiO/PANI 
samples for their first 5 switching cycles. (c) CV curves of NiO/PANI sample after the 
5th and 10000th cycles. [83] 
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Chapter 3  
Experimental Details 
This chapter describes the experimental details, such as fabrication 
setups/processes and characterization techniques, used in the research work reported 
in this dissertation. 
3.1 Sample Preparation 
3.1.1 Fabrication of Nickel Hydroxide Thin Films  
3.1.1.1 Fabrication of Nickel Hydroxide Thin Films by Chemical Bath Deposition 
The nickel hydroxide (Ni(OH)2) chemical bath deposition (CBD) solution 
contains 80 ml of 1M nickel sulfate, 60 ml of 0.25M potassium persulfate and 20 ml 
of aqueous ammonia (25-28%). ITO/glass substrates with resistivity of 8-12 Ω/square 
are ultrasonically cleaned by acetone and isopropyl alcohol (IPA). Polyimide tape is 
used to prevent the deposition on the non-conductive sides of the ITO/glass substrates. 
Growth by CBD is achieved by vertical dipping of the ITO/glass substrates into the 
freshly prepared solution for 20 minutes at room temperature. The samples are then 
washed with deionized water and dried at 75°C in an oven. The as-deposited samples 
are annealed at different temperatures (i.e., 300°C, 400°C and 500°C) for 90 minutes 
in an inert argon ambience using a standard horizontal three-zone furnace. 
3.1.1.2 Fabrication of Nickel Hydroxide Thin Films by Electrodeposition 
Ni(OH)2 thin films are cathodically electrodeposited into the pores of as-prepared 





(Ni(NO3)2) and 0.075M sodium nitrate (NaNO3) in a solvent of 50:50 volume percent 
of ethanol and water. The reference electrode is a standard silver/silver chloride 
(Ag/AgCl) electrode with AgCl saturated potassium chloride (KCl) as the filling 
solution. The counter electrode is a 99.99% platinium (Pt) foil (25 mm x 25 mm in 
size, 0.125 mm in thickness). The pH value of the electrodeposition solution is 
adjusted to be around 3.5. The electrodeposition is performed under constant voltage 
at room temperature. A simplified schematic illustration of the electrodeposition setup 
is shown in Fig. 3-1. The as-deposited Ni(OH)2 thin films are annealed at different 
temperatures (i.e., 200°C and 300°C) in air ambience. 
 
Figure 3-1 Schematic illustration of electrodeposition setup. 
3.1.2 Fabrication of Different Templates  
3.1.2.1 Fabrication of Conventional AAO Template  
The conventional AAO template is fabricated through the anodization of Al foils 
using a voltage source. Small pieces of high purity aluminium (Al) foils are firstly 
ultrasonically cleaned by acetone followed by isopropyl alcohol (IPA). 0.3M oxalic 
acid is used as the anodization solution. The voltage bias is 40 V. Lead is used as the 
counter electrode during anodization. A schematic illustration of the conventional 
anodization setup is shown in Fig. 3-2. The process is performed under room 





is performed to clean the template. The remaining Al at the backside is removed by 
immersing the backside of the AAO template in saturated copper chloride (CuCl2) 
solution. Then the AAO template is dipped into a solution of 5 wt% phosphoric acid 
(H3PO4) for 70 minutes at 30°C to form a through-pore structure. Following that, a 
200 nm thick gold (Au) layer is sputtered on the back of the template to serve as the 
working electrode for the subsequent deposition process. 
 
Figure 3-2 Schematic illustration of the setup for the conventional anodization process. 
3.1.2.2 Fabrication of AAO Template on ITO/Glass Substrate 
ITO/glass, of size 2.5 cm x 2.5 cm with resistivity of 8-12 Ω/square, is used as the 
substrate for aluminium (Al) deposition. The ITO/glass substrate is carefully 
degreased by sonication for 10 minutes each in acetone and IPA before aluminium 
deposition. A titanium (Ti) layer is first deposited as the adhesion layer, followed by 
Al deposition without breaking vacuum in the evaporation chamber. The thickness of 
the deposited Al is 500 nm. The evaporated sample undergoes a one-step anodization 
in 0.3M oxalic acid under 50 V at ~10°C. The barrier layer is removed by reverse 
biasing the AAO template at -2.15 V in 0.2M KCl solution for around 7 seconds, 





reduce the thickness of the barrier layer. After gently rinsing in DI water, the template 
is ready for the subsequent deposition process. 
3.1.2.3 Fabrication of Negative Photoresist Template Prepared by LIL Process on 
ITO/Glass Substrate 
ITO/glass substrates (2.5 cm × 2.5 cm) with resistivity of 8-12 Ω/square are used 
as substrates. The substrate is ultrasonically cleaned in acetone and IPA, each for 10 
minutes before photoresist coating. A negative photoresist N1407 is spin-coated on 
the ITO/glass substrate. The substrate is then soft baked at 95°C for 60 seconds. The 
photoresist is exposed twice by laser interference lithography (LIL) with a 90° 
rotation of the sample during the two exposure processes. For photoresist of rounded 
hole pattern, exposure durations are the same during the two exposure processes. For 
photoresist of oval hole pattern, the second exposure duration is 10 seconds less than 
the first one. After photoresist development, a sequential reactive ion etching (RIE) 
procedure in oxygen is performed to remove the residual photoresist.  
The LIL system used in this work is of the Lloyd’s mirror configuration, as shown 
in Fig. 3-3. The system is based on a 325 nm wavelength helium-cadmium (He-Cd) 
laser source. When the frame is rotated to a certain angle θ, the incoming laser beam 
will interfere with the reflected beam on the substrate and result in a standing wave. 
The spatial period (p) of the standing wave is given by: 
p = λ
ଶୱ୧୬θ






Figure 3-3 Lloyd’s mirror configuration for interference lithography system. 
When Ni(OH)2 are deposited into the photoresist template, the template is then 
removed by immersing it in acetone for 12 hours. A DI water rinsing step is 
performed to clean the sample after the resist removal. 
3.1.3 Fabrication of Nickel Nanowires 
Nickel nanowires are electrodeposited into the pores of the as-prepared AAO 
template on ITO/glass substrate in a solution consisting of 0.5M nickel sulfate (NiSO4) 
and 0.67M boric acid (H3BO4). The electrodeposition is performed under a constant 
current density of 0.233 mA/cm2 at room temperature for ~5 minutes.  
3.1.4 Fabrication of Nickel Hydroxide Nanostructures  
Nickel hydroxide nanostructures are cathodically electrodeposited into the as-
prepared AAO and photoresist templates. The electrodeposition solution consists of 
1.8M Ni(NO3)2 and 0.075M NaNO3 in a solvent of 50:50 volume percent of ethanol 
and water. The reference electrode is a standard Ag/AgCl electrode with AgCl 
saturated KCl as the filling solution. The counter electrode is a 99.99% Pt foil (25 mm 
x 25 mm in size, 0.125 mm in thickness). The electrodeposition is conducted under a 





The as-deposited Ni(OH)2 nanostructures are annealed at different temperatures (i.e., 
200°C and 300°C) in air ambience. 
3.1.5 Fabrication of Polyaniline (PANI) 
3.1.5.1 Fabrication of PANI by the Chemical Oxidative Polymerization Method 
The ITO/glass substrate is cleaned and then selectively covered with polymide 
tape, which is to reserve an exposed area for electrical contact in the subsequent CV 
measurements. The PANI is deposited using the chemical oxidative polymerization 
(COP) method, also known as the chemical bath deposition (CBD) method. The 
solution for PANI preparation by the COP method is a mixture of 0.4M aniline 
hydrochloride and 0.5M ammonium persulfate (APS) solution. After mixing both 
solutions in a cleaned beaker, the ITO/glass substrate is quickly placed in the beaker 
with the conducting side facing up. Figure 3-4 shows an optical image of the colour 
change of PANI to a dark blue colour during the polymerization process. After 
approximately 10 minutes, the sample is withdrawn and rinsed in a 0.2M HCl solution 
for several seconds to remove loose PANI precipitates on the substrate. For 
preparation of PANI on NiO by the COP method, NiO on ITO/glass is used as the 
substrate instead of bare ITO/glass substrate.  
 
Figure 3-4 Optical image showing the colour change during the polymerization 





3.1.5.2 Fabrication of PANI by Electropolymerization 
The solution for PANI electropolymerization is a mixture of 0.2M aniline and 
0.5M sulphuric acid. The electrodeposition is conducted under a constant voltage 
varying from 0.8 V to 1.45 V with deposition durations between 100 to 600 seconds at 
room temperature, with a 100 seconds interval between each deposition step. The 
setup for the electropolymerization process is shown in Fig. 3-5. Clean ITO/glass 
substrate is used as the working electrode while lead (Pb) is used as the counter 
electrode during electropolymerization. After the electropolymerization process, the 
sample undergoes a post-polymerization cleaning process, which is to immerse the 
sample in a 0.5M H2SO4 solution for several seconds to remove any aniline residue 
and loose PANI precipitates on the substrate. For electropolymerization of PANI on 
NiO, NiO on ITO/glass is used as the working electrode, instead of bare ITO/glass 
substrate. 
 





3.2 Characterization Techniques 
3.2.1 Scanning Electron Microscope 
Morphology inspection of all the samples is performed by scanning electron 
microscopy (SEM) at an acceleration voltage of 10 keV, using the Nova NanoSEM 
230.  
SEM is one of the most commonly used characterization techniques for 
inspection of material structures. A schematic of a typical SEM system is shown in 
Fig. 3-6. The electron beam is generated by the electron gun at the top of the system. 
Then the electron beam is focused onto the sample in vacuum by passing through 
condensing lenses and scan coils. Once the electron beam reaches the sample surface, 
secondary electrons will be emitted. The secondary electrons are detected and 
converted to a relevant signal by a scintillator-photomultiplier detector, forming a 
final image that provides structural and morphological information of the sample. 
 





3.2.2 Fourier Transform Infrared Spectroscopy 
Fourier transform infrared (FTIR) spectroscopy is used to measure how well a 
sample can absorb light at each infrared wavelength. The working mechanism of 
FTIR is based on the fact that molecules absorb specific frequencies matching the 
vibrations of the various bonds and groups that are the characteristics of their structure. 
For Ni(OH)2/NiO thin films fabricated using the CBD method, the near-grazing 
incidence angle Fourier transform infrared (NGIA FTIR) spectroscopy measurements 
are performed using the Bruker FTIR v80 system, equipped with a reflection stage set 
at an angle of 70°. ITO/glass substrates of identical processing conditions (e.g., anneal 
temperature and duration) are used as references to eliminate variations of the 
substrates with annealing.  
3.2.3 X-ray Diffraction 
X-ray diffraction (XRD) was performed using a General Area Detector 
Diffraction system equipped with a Cu X-ray source.  XRD is one of the more 
commonly used tools for identifying the atomic and molecular structure of materials. 
This characterization method is based on the fact that a certain kind of crystalline 
atoms can cause the beam of incident X-rays to diffract into a specific direction.  By 
measuring the angle and intensities of these diffracted beams, a three-dimensional 
(3-D) image is created by the crystallographer.  
3.2.4 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed using a VG ESCA LAB 





were charge corrected by referencing to the adventitious carbon peak at 284.6eV. Peak 
fitting is achieved using Shirley background subtraction before performing a least-
squares error fit with a mixture of Gaussian and Lorentzian line shapes.  
XPS is usually used to measure the elemental composition of material. The XPS 
spectrum is obtained through irradiating the sample material with an X-ray beam. At 
the same time, the kinetic energy and number of electrons that escape from the very 
top surface (usually less than 10 nm) of the sample are analyzed. 
3.2.5 Optical and Electrochemical Characterization 
Electrochemical characterization can be performed by either a potentiostat or a 
galvanostat system. In such a system, the electrochemical reaction is carried out in a 
three-electrode reaction cell consisting of a working electrode, a counter electrode and 
a reference electrode. The electrochemical reaction can be triggered by using either a 
constant voltage bias or cyclic voltammetry (CV). CV is a type of potentiostatic 
technique by which the working electrode potential is ramped linearly versus time, 
similar to linear sweep voltammetry. The current at the working electrode is measured 
and plotted versus the applied voltage during the CV analysis. The reduction-
oxidation (redox) current peaks can be observed in the CV measurement. The 
appearance of the redox peaks can be rationalized by considering the voltage and 
mass transport effects. As the voltage changes, the equilibrium at the sample (i.e., 
working electrode) surface begins to alter. More reactant is being converted and the 
current is increased. The current starts to decrease when the diffusion layer has grown 
sufficiently above the working electrode so that the flux of reactants to the electrode is 





appears. In the three-electrode system, the sweeping voltage is not the voltage 
between the sample and the Pt counter electrode but the potential between the sample 
and the reference electrode. In the work reported in this dissertation, the CV 
measurements of the NiO and Ni(OH)2 samples are carried out using a Gamry series 
G300 potentiostat with a standard Ag/AgCl reference electrode and a Pt foil counter 
electrode in a 0.1M KOH solution. For the CV measurement of PANI and PANI/NiO 
samples, an acid such as 0.5M HCl, H2SO4 or propanonic acid is used as the 
electrolyte instead of KOH, This is because an alkaline solution such as KOH will 
attack PANI. 
Galvanostatic charge and discharge tests are conducted to evaluate the capacitive 
performance of NiO nanostructures obtained using LIL process. Galvanostatic refers 
to an experimental procedure where the electrodes are maintained at a constant 
current in an electrolyte and the result of the test is plotted in potential verses time at 
constant current. In this work, the tests are conducted in 0.1M KOH at different 
current densities with potential window of -0.1 to 0.55 V. 
Transmittance measurement is conducted concurrently while the sample 
undergoes CV cycling. The in-house built transmittance measurement system consists 
of a red laser source with a wavelength of 635 nm and a receiver on the opposite end. 
The receiver records the power received from the source, with a higher reading 
indicating a more bleached sample while a lower reading indicating a more coloured 
sample. The transmittance variation refers to the difference between the maximum 
and minimum power of the laser source as detected by the receiver in the 







Figure 3-7 CV and in-house built transmittance measurement system setup. 
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Chapter 4  
Fabrication and Characterization of NiO 
Nanostructures Fabricated Using AAO Templates 
In the work reported in this chapter, nickel hydroxide (Ni(OH)2) and nickel oxide 
(NiO) nanostructures are fabricated using anodized aluminium oxide (AAO) 
templates. In order to study the enhancement of electrochromic (EC) performance 
brought about by nanostructuring of material, conventional NiO/Ni(OH)2 thin films 
are prepared as well for comparison. The thin films are fabricated using either 
chemical bath deposition (CBD) or cathodic electrodeposition using similar 
conditions (but without the use of the template) as the AAO templated samples.  
For fabrication of the AAO template on ITO/glass substrate, an essential step in 
the entire process is to stabilize the anodization process. Optimization of the 
anodization process is carried out. This includes using an appropriate adhesion layer, 
effectively reducing the thickness of the barrier layer formed during anodization, and 
adjusting the anodization temperature, duration and voltage. By varying the 
deposition duration, Ni(OH)2 nanostructures of different morphologies are obtained, 
for example open-ended nanowires and closed-ended mushroom or broccoli like 
structures.  
Detail characterizations are performed to provide structural and morphology 
information of the samples. Electrochromic characterization is conducted to study the 
EC properties. At the end of this chapter, the EC performance of thin films and 
nanostructures are compared based on different aspects, such as in terms of 
 




transmittance modulation, activation/degradation performance, coloration efficiency, 
etc. Enhanced EC performance of nanostructures is demonstrated and discussed. 
4.1 Fabrication and Characterization of Nickel Oxide Thin Films Obtained by 
Chemical Bath Deposition 
NiO films fabricated using the CBD method have a highly porous structure, as 
shown in Fig. 4-1(A). The XRD spectrum of the annealed NiO film is shown in Fig. 
4-1(B), which indicates an amorphous structure of the NiO thin film since all the 
major XRD peaks observed correspond to ITO.  
 
Figure 4-1 (A) SEM image and (B) XRD spectrum of the CBD NiO thin film. 
During the CV cycling, the colour of the NiO film changes between semi-
transparent and dark brown, as shown in Figs. 4-2(A) and (B), respectively. This 
colour change process is consistent with the previous studies on CBD films. [5] 
 
Figure 4-2 (A) Bleached and (B) Coloured states of the CBD NiO thin film during CV 
cycling. 
 




4.2 Fabrication and Characterization of Nickel Hydroxide Thin Films Obtained 
by Cathodic Electrodeposition 
Ni(OH)2 thin films are cathodically deposited on ITO/glass subtrates. Different 
voltage biases have been investigated, varying from 0.9 V to 5 V, for the cathodic 
electrodeposition. The result shows that when the voltage bias is too high, the growth 
rate of Ni(OH)2 is very fast and the sample surface is very rough with poor adhesion 
to the ITO layer, as shown in Fig. 4-3. When the voltage is too low, the chemical 
reaction of Ni(OH)2 synthesis is unlikely to take place. For subsequent results, a 
voltage bias of 1.5 V is finally adopted. The cross-sectional and plan-view SEM 
images of Ni(OH)2 thin film electrodeposited using a cathodic bias of 1.5 V are shown 
in Fig. 4-4. The thin film thickness is estimated to be ~550 nm from the SEM cross-
sectional image. 
 
Figure 4-3 (a) Optical image of as-deposited Ni(OH)2 thin film fabricated using a 
voltage bias of 5 V. (b) SEM image of Ni(OH)2 thin film fabricated using a voltage 
bias of 5 V showing a very rough surface. 
 
 





Figure 4-4 (A) Cross-sectional SEM image of Ni(OH)2 thin film fabricated using a 
voltage bias of 1.5 V. (B) SEM plan-view image of (A) showing the surface 
morphology of the Ni(OH)2 thin film. 
Figure 4-5 shows the transmittance modulation variation versus number of cyclic 
voltammetry (CV) cycles for the Ni(OH)2/NiO film. It can be seen that the coloration 
modulation increases with cycle number, which is due to the growing amount of NiO 
in reaction and thus more coloured products are formed. The NiO thin film shows a 
maximum transmittance modulation of ~15%.  The optical images of bleached and 
coloured samples are shown in Fig. 4-6.  
 
Figure 4-5 Transmittance modulation variation versus number of CV cycles for 
annealed Ni(OH)2 thin films. 
 
 





Figure 4-6 Optical images showing (a) bleached state and (b) coloured state of 
annealed Ni(OH)2 thin film. 
4.3 Fabrication and Characterization of Nickel Hydroxide Nanostructures using 
AAO Template 
4.3.1 Optimization of Template Anodization Process 
In preliminary experiments, it is found that there are two main problems with 
dispersed NiO nanowires fabricated using the conventional AAO template (i.e., AAO 
template fabricated through anodization of an aluminium (Al) foil, whereby the 
nanowires deposited into the pores of the template are subsequently released by 
dissolving away the template and then dispersing the nanowires on a suitable 
substrate.). One problem is that nonuniform coloration of the sample is observed due 
to the uneven distribution of the dispersed nanowires over the substrate surface. The 
other issue is the electrochromic (EC) performance deterioration due to the highly 
polycrystalline structure of the dispersed NiO nanowires because of an annealing step 
in the process. In this case, the direct fabrication of orderly aligned NiO nanowire 
arrays using an AAO template fabricated directly onto a suitable transparent 
conducting substrate can be an efficient approach to solve the aforementioned 
problems. 
 




Compared to the conventional AAO template anodized on Al foil, the AAO 
template in this work is fabricated through the anodization of an electron beam 
(E-beam) evaporated Al layer on ITO/glass substrate. This design can satisfy the 
requirement of subsequent optical characterization such as transmittance measurement. 
Our research has shown that the anodization of Al on ITO/glass substrate is quite 
different from the conventional anodization process on Al foil and is not a straight 
forward process. Firstly, for subsequent electrodeposition of Ni(OH)2 nanostructures 
and characterization, good adhesion and conductivity of the AAO template must be 
ensured. When an Al layer of ~500 nm thickness is directly evaporated onto the 
ITO/glass substrate, the subsequent anodization can fail due to poor adhesion between 
ITO and the Al layer. In order to solve this problem, a titanium (Ti) layer is introduced 
as an adhesion promotion layer. The Ti layer is deposited between the ITO and Al 
layers with different thicknesses, varying from 0.2 to 10 nm. Figure 4-7 shows a 
typical current versus time curve recorded during the anodization of Al on ITO/glass 
substrate with a 3 nm thick Ti adhesion layer. 
 
Figure 4-7 A typical current versus time curve for Al anodization on ITO/glass 
substrate with a 3 nm thick Ti adhesion layer. 
 




In Fig. 4-7, the current curve firstly decreases quickly, indicating a growing 
resistance, due to the formation of aluminium oxide (Al2O3). Then the current slightly 
increases, as a result of the dimple structure formation (as mentioned in Fig. 2-7 in 
chapter 2). This dimple structure is formed due to the high electric field at the surface 
and the formation of such structures increases the effective surface area for the 
anodization process. When the dimples grow into fully formed pores and grow 
downwards, the effective surface area does not change much and thus the current is 
kept at a relatively steady value. When the pores reach the ITO surface, less reaction 
occurs and the current begins to decrease again from A to B as indicated in Fig. 4-7. 
At the end of the anodization process, the current begins to increase, which can be 
seen in Fig. 4-7 from C to D. This upwards “tail” or current increase is caused by the 
anodization of Ti/ITO interface. Thus, it is important to stop the process before the 
over-anodization of the Ti/ITO interface occurs. Otherwise, peeling-off of the 
template will take place. 
Secondly, to ensure good property of the AAO template, different anodization 
durations and temperatures have been investigated to optimize the process. During the 
process of adjusting the anodization duration, three different stages of pore growth at 
the interface of Al and ITO are observed, as shown in Fig. 4-8. Before the pores reach 
the interface, the bottom of the pores shows a semi-circular shaped structure as the 
current is flowing in radial directions (see Fig. 4-8 (a)). This corresponds to point A in 
the anodization current curve in Fig. 4-7. When the pores reach the interface, Al under 
the pores is diminished and the bottom of the pores becomes flat shaped (see Fig. 
4-8(b)), which corresponds to point B in Fig. 4-7. As the anodization process 
continues to point C in Fig. 4-7, a small amount of ITO below the pores is attacked by 
 




the oxalic acid electrolyte. The gas produced during the reaction pushes up the barrier 
layer a bit, thus forming a convex shape (see Fig. 4-8(c)). When the process is stopped 
at point C (Fig. 4-7), the template starts to peel off (Fig. 4-9). This peeling-off of the 
template is possibly caused by gas evolution produced by anodization of the Ti/ITO 
interface, indicating that point C is not an appropriate point for ending the anodization 
process. When the process is ended at point B in Fig. 4-7, no peeling-off phenomenon 
can be observed.  
 
Figure 4-8 Schematic illustrations and SEM images showing three different stages of 
pore growth at the interface of Al and ITO. 
 





Figure 4-9 The peeling-off phenomenon of the AAO template caused by gas evolution. 
It is also noticed that the oxalic acid used in the anodization process can easily 
attack the underlying ITO layer when the process is conducted under room 
temperature, as shown in Fig. 4-10. Therefore, the anodization is conducted under a 
lower temperature of 5 to 10°C. 
 
Figure 4-10 Oxalic acid easily attacks the underlying ITO (shown missing) when the 
anodization process is conducted under room temperature. The highlighted blue 
regions are areas where the underlying ITO has been attacked by acid. 
When the anodization is stopped at point B in Fig. 4-7, a thick barrier layer of 
~127 nm can be observed as shown in Fig. 4-11. This barrier layer can also be 
observed after the conventional anodization process on Al foil. Usually a pore 
widening process of immersing the template in 5% phosphoric acid for 65 minutes 
can effectively remove the thick barrier layer for the conventional anodization process. 
 




However, for the direct anodization of Al on ITO/glass, the barrier layer cannot be 
totally removed after the pore widening process. After pore-widening process, the 
diameter of pore is greatly increased, but the thickness of the barrier layer is 
maintained at almost the same initial thickness. This is possibly due to the fact that the 
barrier layer formed during the conventional anodization process of Al foil is likely to 
be pure Al2O3 which can be easily removed by phosphoric acid. However, the direct 
anodization process also involves oxidation of the Ti adhesion layer and the 
underlying ITO, and thus the barrier layer could be some complex metal oxide that 
cannot simply be removed in phosphoric acid. 
 
Figure 4-11 Cross-sectional SEM image of an AAO template showing the thick 
barrier layer formed. 
To test the conductivity of the as-prepared AAO template, nickel (Ni) is firstly 
deposited into the pores of the template, since the deposition of Ni is more common 
and it has already been tried using the conventional AAO template in early 
experiments. The Ni deposition shows that the barrier layer greatly decreases the 
conductivity of the template and leads to the formation of Ni half-ball structures on 
the template surface instead of Ni nanowires, as shown in Fig. 4-12. In this case, 
efficient steps must be taken to remove the barrier layer, or at least reduce the barrier 
layer thickness, before deposition of the Ni into the template pores.  
 





Figure 4-12 SEM image showing the half-ball structures of Ni formed on top of the 
AAO template. 
Several methods have been studied to reduce the thickness of the barrier layer, 
including reducing the thickness of the Ti adhesion layer and the anodization voltage 
from 60 V to 40 V.  
When the thickness of the Ti adhesion layer is varied from 15 nm to 2 nm, it is 
found that the thickness of the barrier layer is almost unchanged. It is also noticed that, 
when the thickness of the Ti layer is above 10 nm, the as-prepared AAO template 
exhibits a dark grey colour, instead of a semi-transparent colour, as shown in Fig. 4-13.   
 
Figure 4-13 Optical images of as-prepared AAO template with (a) 3 nm thick and (b) 
10 nm thick Ti adhesion layer. 
By reducing the anodization voltage from 60 V to 40 V, the thickness of the 
barrier layer is effectively reduced to ~60 nm.  However, the anodization voltage 
cannot be further reduced below 40 V. This is because when the anodization voltage is 
 




reduced, more gas evolution and volcano-like defects are likely to be formed due to a 
longer anodization duration required for a lower voltage, which gives the electrolyte 
more time to penetrate into the barrier layer and react with the Ti layer and underlying 
ITO. 
Finally, we found that a cathodic polarization process in potassium chloride (KCl) 
can effectively reduce the barrier layer thickness without damaging the template or 
affecting it adhesion. For the polarization process, it is found that the magnitude of the 
applied voltage and process duration greatly affect the template property. Different 
combinations of applied voltages and process durations have been investigated and 
the optimized process condition is found to be 2.15 V cathodic bias for 7 seconds. 
With too short a polarization duration (e.g., ≤ 5 seconds), the barrier layer thickness 
cannot be effectively reduced, as shown in Fig. 4-14(A). With too long a polarization 
duration (e.g., ≥ 20 seconds), the barrier layer is removed but gas generation can be 
observed and the underlying ITO is also attacked, as shown in Fig. 4-14(B). 
 
Figure 4-14 SEM images showing the bottom of AAO pores after (A) KCl 
polarization with duration of (A) 5 seconds and (B) 20 seconds. 
The current-time evolution during the KCl cathodic polarization process is shown 
in Fig. 4-15. This current-time curve is quite similar to that reported for the removal 
of the barrier layer on a silicon substrate when the thickness of the Ti adhesion later is 
 




~200 nm [32]. The overall flow of the template preparation procedure is shown as the 
inset in Fig. 4-15, where stage I refers to the deposition of the Ti/Al layer and stage II 
refers to the anodization process. During the rapid etch of the barrier layer in stage III, 
the magnitude of the current provides a measure of the electrical resistance of the 
template. The increase in the current magnitude indicates the continual thinning of the 
barrier layer. The plot in Fig. 4-15 shows that a rapid reaction process is taking place 
even during the first 10 seconds and thus it will be difficult to prevent an over-etch 
that is detrimental to the conductive oxide layer beneath the AAO. Hence, different 
combinations of KCl cathodic polarization duration and pore widening duration are 
tested, and finally we found that it is conservatively appropriate to stop the process at 
~7 seconds and introduce a second slower etch step of ~20 minutes thereafter by 
immersing the sample in phosphoric acid. After the KCl cathodic polarization and 
subsequent slow etching process, the thickness of the barrier layer is efficiently 
reduced to ~30 nm, as shown in Fig. 4-16(A). A top-view of the as-prepared AAO 
template with an average pore diameter of ~120 nm is shown in Fig. 4-16(B). Ni 
nanowires are successfully electrodeposited using this template and the SEM image, 
after AAO template removal, is shown in Fig. 4-17. The Ni nanowires are relatively 
well aligned with reasonably good nanowire density, however there is still some 
observed bunching up of the nanowires, which can be possibly due to the surface 
tension forces during the drying process after the electrodeposition process. The 
template is robust enough to withstand the electrodeposition process and has been 
demonstrated to be able to be used for the deposition of Ni to form Ni nanowires. It is 
now ready for the deposition of Ni(OH)2. 
 





Figure 4-15 Current-time evolution during the cathodic KCl etching process. Insets 
show the schematic of AAO template fabrication process. Stage I: E-beam deposition 
of Al/Ti layers on ITO/glass substrate. Stage II: Anodization of Al layer. Stage III: 
KCl cathodic rapid etching of the barrier layer. IV: Slow etching and pore widening 
process.  
 
Figure 4-16 (A) Cross-sectional SEM image of an AAO template after KCl cathodic 
polarization to remove the barrier layer. (B) Planar SEM image of an as-prepared 
AAO template with a pore diameter of ~120 nm. 
 
Figure 4-17 SEM image of deposited nickel nanowire arrays on ITO/glass substrate 
after AAO template removal. 
 




4.3.2 Optimization of Electrodeposition of Nickel Hydroxide 
For electrodeposition of Ni(OH)2, we employ a direct current electrodeposition 
method utilizing the reduction of nitrate ions. The hydroxide ions produced near the 
surface of the electrode react with Ni ions in forming Ni(OH)2 as shown in the 
following equations: [20] 
NO3- + 7H2O + 8e- o NH4+ + 10OH-                                          (4-1) 
Ni2+ + 2OH- o Ni(OH)2                                                                  (4-2) 
One key governing condition in this growth process is the pH value of the 
deposition solution. A solution with too low a pH value will lead to template 
dissolution while a solution with too high a pH value will lead to an overly fast 
growth rate [86]. The latter is detrimental for enhanced electrochemical reactions 
subsequently as an open-pore structure is important. A schematic of the plating or 
electrodeposition process is shown in Fig. 4-18. It is shown schematically that a 
slower growth rate allows for the better control to obtain the desired more open-pore 
structure, while the overgrowth of Ni(OH)2 often leads to closing up of the pores 
which forms close-ended mushroom-like structures (see Fig. 4-19).  
 
 





Figure 4-18 Schematic illustration of Ni(OH)2 electrodeposition through the AAO 
template showing the formation of two types of structures. The upper path shows the 
slow growth rate process forming nanowires with an open-ended structure. The lower 
path shows overgrown structures from a fast growth rate process, resulting in nano-
mushroom-like close-ended structures. [87] 
We found that a pH value of >3.5 is sufficient to prevent the template dissolution 
and thus a deposition solution with pH 3.5 is used in our work to give a slower growth 
rate. At this pH value, it is found that any deposition duration longer than 20 seconds 
will probably lead to the overgrowth of the Ni(OH)2 nanowires through the ~550 nm 
thick AAO templates. An example of an overgrown structure (mushroom or broccoli 
like) with a deposition duration of 1 minute is shown in Fig. 4-19. The SEM 
micrograph shows a ~200 nm thin film growth on top of the nanowires. The 
overgrown close-ended structure can possibly be of interest for other areas of 
applications but suffers in terms of reduced penetration by the electrolyte and may 
also present difficulties in the integration with subsequent deposited layers in a full 
EC device structure.  
 





Figure 4-19 SEM image of overgrown close-ended Ni(OH)2 nanostructures after a 
deposition duration of 1 minute. Inset at the top right corner shows the respective 
magnified images. 
In the early experiments on the fabrication of Ni(OH)2 nanowires, the SEM image 
shows that only a few Ni(OH)2 nanowires remain after template removal and the 
nanowires easily collapse after etching in 1 wt% NaOH for 10 minutes, as shown in 
Fig. 4-20. Several methods were investigated to solve this problem, e.g. etching in 
NaOH solution with a lower concentration and drying the as-deposited samples at an 
appropriate temperature.  
 
Figure 4-20 Ni(OH)2 nanowires easily collapse before the optimization process. 
The SEM image of typically fabricated Ni(OH)2 nanowires with a growth 
duration of 20 seconds is shown in Fig. 4-21. This figure shows that the Ni(OH)2 
 




nanowire density has been greatly increased after the above optimization process. The 
nanowires have an average length and diameter of 500 nm and 120 nm, respectively.  
 
Figure 4-21 SEM image of Ni(OH)2 nanowire arrays grown with a shorter deposition 
duration of 20 seconds on an ITO/glass substrate using an AAO template. Inset at the 
top right corner shows the respective magnified images. 
The XPS O 1s core-level spectrum of the as-grown Ni(OH)2 nanowires is shown in 
Fig. 4-22 with the Ni 2p spectrum shown in the inset. The fitted O 1s shows a main 
binding energy at ~531.1eV with a higher binding energy shoulder that belongs to 
surface adsorbed hydroxide species. The binding energy of the Ni 2p core level is 
~855.7 eV. The aforementioned values agree with the reported values for thin films 
and nanostructures of Ni(OH)2 [88, 89],  showing the successful electrodeposition of 
such nanowires. X-ray diffraction results of these Ni(OH)2 wires show no diffraction 
peaks other than those of the polycrystalline ITO and this shows that the 
electrodeposited Ni(OH)2 nanowires are amorphous, which are the same as the thin 
films fabricated previously using identical conditions. It is noted that there is slightly 
greater bunching and aggregation of the fabricated Ni(OH)2 nanowires, as shown in 
Fig. 4-21, when compared to the Ni nanowires in Fig. 4-17, and this can possibly be 
attributed to the smaller stiffness of the Ni(OH)2 nanowires when compared to the Ni 
nanowires. However, it is important to notice that the Ni(OH)2 nanowires still 
 




represent an open-pore structure that can show expected electrochemical performance 
enhancement, which will be demonstrated and discussed in a later section. It is also 
observed that the average Ni(OH)2 nanowire density is smaller than that of the Ni 
nanowires. Using identically fabricated templates, the lower density of Ni(OH)2 
nanowires probably indicates a poorer adhesion of nickel hydroxide as compared to 
the nickel metal. This can also explain the slightly greater bunching effect of the 
hydroxide nanowires since bunching is expected to offer higher mechanical stability 
and adhesion. The as-deposited Ni(OH)2 nanostructures are subsequently annealed 
under 300°C in air ambience for 90 minutes to oxidize them into NiO. The colour of 
the sample is observed to turn from light brown to semi-transparent after annealing, as 
shown in Fig. 4-23. 
 
Figure 4-22 Fitted O 1s X-ray photoelectron spectroscopy (XPS) spectrum for 
electrodeposited nanowires showing a main peak for O in Ni(OH)2 bonding and O in 
surface hydroxides bonding. The inset shows the Ni 2p XPS spectrum of the 
nanowires. 
 





Figure 4-23 Optical images of Ni(OH)2 nanowires before and after annealing. 
4.4 EC Performance and Mechanism Study of Different Nickel Oxide Structures 
4.4.1 EC Performances for Nickel Oxide Nanostructures and Thin Films 
Cyclic voltammetry (CV) measurements are performed for both as-deposited and 
annealed Ni(OH)2 samples The results show that Ni(OH)2 nanostructures exhibit 
enhanced EC performance (e.g., better materials stability and larger coloration 
modulation during cycling) when they are annealed to NiO. The voltage bias during 
CV cycling is from 0 V to 0.7 V and back, at a scan rate of 10 mV/s. This bias range is 
chosen to avoid excessive gas evolution, especially for the positive potential. CV 
curves of as-deposited and annealed Ni(OH)2 nanowires on ITO/glass substrates are 
shown in Figs. 4-24(A) and (B), respectively. The CV curves roughly exhibit a 
trapezoidal shape. The upper (positive current density) peak refers to the oxidation 
peak while the lower (negative current density) peak refers to the reduction peak. The 
peak formation during cycling can be rationalized through the Nernst equation [90]. In 
electrochemistry, the Nernst equation relates the reduction potential of a half-cell at 
any point in time to the standard electrode potential, temperature, activity, and 
reaction quotient of the underlying reactions and species used. For a reversible redox 
reaction, the equilibrium of the reaction will shift in favour of the oxidation when 
voltage increases. The larger the voltage increase, the more reaction will take place 
 




and results in an increased current. When the reactant around the electrode surface is 
activated, more reactant diffuses from the electrolyte towards the electrode surface. A 
diffusion layer is thus formed and the length of this layer gradually increases with 
time. When it comes to the point that the diffusion layer is large enough and the flux 
of reactants to the electrode surface is not fast enough to satisfy what the Nernst 
equation requires, the current density reaches a peak value and then the current starts 
to reduce. 
 
Figure 4-24 CV curves of (A) as-deposited and (B) annealed Ni(OH)2 nanowires for 
the 1st, 5th, 10th and 40th cycles. 
 




In Fig. 4-24(B), an increasing trend in peak current densities with increasing 
number of cycles can be observed. This result is possibly due to the fact that, as the 
indicator of the reaction rate at the electrode, the current density is proportional to the 
flux of the active ions in the electrolyte [78]. As discussed above, in a typical CV 
cycling process, the voltage is increasing and decreasing proportionally with time, so 
the current density can indicate how much reaction has been activated. Therefore, the 
increase in peak current density indicates a higher reaction activity and more Ni(OH)2 
is taking part in the reaction at each cycle, which can be due to the deeper diffusion 
and penetration of electrolyte ions after each cycle. Also the defects and pores caused 
by cycling may trap more active ions each time, resulting in the increase of peak 
current density. However, in Fig. 4-24(A), it can be seen the peak current density at 
the 40th cycle is smaller than that of the 20th cycle, which is different from the result of 
the annealed sample in Fig. 4-24(B). This may be due to the partially peeling-off of 
Ni(OH)2 nanowires after long cycling.  
Figure 4-25 shows the transmittance power received (i.e., the transmittance 
through the sample) over time during CV cycling for 60 cycles of the as-deposited 
and annealed Ni(OH)2 samples. It can be seen that the annealed samples show larger 
transmittance modulation between bleached state (i.e., largest transmittance power) 
and coloured state (i.e., lowest transmittance power). Besides, it is noticed that with 
increasing number of CV cycles, the activation phenomenon of the EC process can 
hardly be observed for the as-deposited samples, while the annealed sample is 
activated during cycling and has its maximum transmittance modulation at around the 
40th cycle (corresponding to 5600 seconds in Fig. 4-25(B)). 
 





Figure 4-25 Transmittance power received over time for 60 cycles of (A) as-deposited 
Ni(OH)2 nanowires and (B) annealed Ni(OH)2 nanowires. 
In Fig. 4-24, compared with the CV curves of the as-deposited samples, the 
annealed samples show a smaller peak current density. This can be attributed to the 
higher polycrystalline structure when Ni(OH)2 is annealed, since the electrochromic 
process is believed to take place on the surface or grain boundaries of EC materials. 
For polycrystalline structures, active ions in the electrolyte can only diffuse along the 
grain boundaries and react within the grain surface layer, whereas ions in the 
amorphous structure can diffuse much deeper from the surface because of the larger 
atomic distance. In this case, an amorphous structure such as the as-deposited 
Ni(OH)2 nanowires tend to be more active in the EC process, resulting in a higher 
peak current density.  
Another possible way to fabricate NiO nanostructures is to anneal the deposited 
nickel (Ni) nanowires. However, Ni requires an annealing temperature of 500°C or 
higher to be fully oxidized, while the oxidation of Ni(OH)2 to form NiO requires a 
temperature of about 300°C. When the annealing temperature is above 300°C, the 
conductivity of the ITO/glass substrate may be greatly affected. Actually, the sheet 
resistances for as-purchased, 300°C annealed and 500°C annealed ITO-glass substrate 
are measured to be 8.9Ω/square, 8.5Ω/square and 4.7Ω/square, respectively. For the 
 




case of the 300°C annealing, the variation of ~0.4 Ω/square in the sheet resistance is 
insignificant since the Ni(OH)2 resistivity in series should be dominating. Therefore, 
although it is relatively more convenient to prepare Ni nanowires, directly deposition 
of Ni(OH)2 nanowires on the ITO/glass substrate is still of more practical utility. 
After annealing under 300°C in air ambience for 90 minutes, Ni(OH)2 
nanostructures are fully oxidized to NiO nanostructures. CV measurements are then 
conducted for both open-ended and close-ended nanostructures. For the open-ended 
NiO nanostructures, the anodic and cathodic current peak is observed at ~0.6 V and 
0.45 V, respectively, as shown in Fig. 4-26. The NiO sample is switched to a coloured 
state during the anodic scan and returns to a semi-transparent state during the cathodic 
scan. The optical images of the NiO open-pore nanowires sample in the bleached and 
coloured states, with the NUS logo in the background, are shown as insets in Fig. 4-26.  
 
Figure 4-26 Cyclic voltammetry (CV) characteristics of open-ended NiO nanowire 
arrays recorded at a scan rate of 10 mVs-1 up to the 40th cycle. Insets show the optical 
images of NiO nanowire arrays on an ITO/glass substrate in bleached state and 
coloured state with the NUS logo in the background. 
 
 




It is known that surface morphologies of materials can greatly affect their 
electrochemical performance. In this study, the effects of varying the morphology and 
compactness of the nanostructures are investigated. Together with the CV results of 
thin film structures as shown in section 4.2, the transmittance modulations for all the 
three different structures are shown in Fig. 4-27. The highest initial modulation is 
observed in the open-ended NiO nanowires. The increasing number of cycles also 
leads to a rapid increase in the transmittance modulation measurement that shows an 
increasing electrochemical activity. This also agrees with the CV plot shown in Fig. 4-
26 whereby a higher peak current density is obtained with increasing cycle number. 
The increasing modulation or electrochemical activity of NiO in aqueous electrolyte is 
frequently observed [91, 92], and in the next section, we will show that this activation 
process is a result of a hydration process in the aqueous electrolyte. It is noted that the 
transmittance modulation plot for the NiO thin film structure in Fig. 4-27 shows 
comparatively the smallest initial modulation and the slowest rate of modulation 
increase. This is expected from the compact thin film structure that it will only allow 
for electrochemical reaction to proceed around the surface area, which reduces both 
the exposed surface area and rate of activation with cycling. On the contrary, the 
porous nature of the nanostructures can provide a larger surface area that yields better 
initial transmittance modulation. In addition, the nanostructures can also facilitate the 
hydration process. The observed faster activation process for both the open-ended and 
the close-ended nanostructures demonstrates the greater connectivity of the electrolyte 
through the porosity of the material.  
 





Figure 4-27 Plot of transmittance modulation variation versus number of CV cycles 
for annealed NiO thin film, close-ended (close-packed) and open-ended nanowire 
structures. 
Besides the initial modulation, it is also apparent that nanostructuring has 
significantly improved the achievable modulation switching capability (after 
activation) of the EC material. For the open-ended NiO nanowires sample, the optical  
modulation (∆T) is ~35% while the compact thin film structure has a ∆T of ~17%. 
This represents a doubling of the achievable transmittance modulation simply by 
nanostructuring an identically fabricated thin film. The intermediate structure, which 
is the close-ended NiO sample, yield a ∆T of ~22% that falls between that of the 
open-ended nanowires and thin film values. This shows that while the surface-to-
volume ratio is important, a more open-pore structure is still needed for 
electrochemical activities to proceed and thus is crucial in electrochromic device 
applications. The close-ended structure has reduced interconnectivity to the 
electrolyte, despite its high surface area. The lack of the interconnectivity can affect 
the redistribution of ions and a build-up of the H+ ions in the closed-pores can lead to 
a faster degradation process. This can explain the decrease in modulation of the close-
ended structures that is not seen for the open-ended nanowires after 60 cycles.  
 




It is also worth to note that the amount of materials used for the open-ended 
nanowire sample is significantly lesser than that of the thin film or the close-packed 
structure. A rough estimation of the efficacy of the nanostructuring process, in terms 
of modulation per gram of materials used, will see an approximately three fold 
increase when nanostructuring is used instead of the compact thin films. 
Comparatively, the use of the open-ended structure as compared with the close-ended 
structures shows a ~20% increase. This simple comparison highlights the advantages 
of the nanostructuring approach for such electrochemical device and shows the 
importance and benefits of both the surface-to-volume ratio and an open-pore 
structure.  
As introduced in the literature review part (i.e, section 2.5 of chapter 2), an 
important parameter in evaluating the performance of the electrochromic material and 
structure is the coloration efficiency (CE). The coloration efficiency is defined as 
∆OD/Q, where the optical density modulation (∆OD) is defined as 
loge(Tbleached/Tcoloured) and Q is the charge density [93]. Tbleached and Tcoloured represent 
the transmittance in the bleached and coloured states, respectively. A higher CE value 
therefore represents a more efficient electrochromic material or structure since less 
power is needed to achieve a specific modulation requirement. The CE of the NiO 
thin film is calculated to be 34 C-1cm2 (at a wavelength of 635 nm) and this is 
consistent with the reported values [94]. Interestingly, the NiO open-ended structure 
yields a CE of 50.5 C-1cm2 and this is higher than the typically reported values. A 
summary table comparing the performance of the structures in this study and that in 
the literature is shown in Table 4-1. The results thus suggest that apart from improving 
 




the transmittance modulation, nanostructuring has the potential to improve the 
electrochromic efficiency.  
In the next section, results on the investigation into the EC and degradation 
mechanisms of NiO/Ni(OH)2 will be presented. It is found that the degradation 
process during CV cycling, caused by the trapping of intercalated water, can be 
detrimental to the optical modulation of Ni(OH)2. Besides, it is reported that this 
trapping of water molecules can be detrimental to the coloration efficiency for 
Ni(OH)2 materials [95]. Therefore, it is possible that the interconnected porosity with 
an open-ended structure reduces the trapping of water molecules. This reduces current 
losses for reactions that do not contribute to the optical modulation and thus improves 
the overall coloration efficiency of the structure.  
Table 4-1 Comparison of the electrochromic performances (i.e., optical density 
modulation (∆OD) and coloration efficiency (CE)) of NiO/Ni(OH)2 based structures. 
A distinction is made between thin films and nanostructured materials. [5, 8, 9, 94] 
 
4.4.2 Electrochromic and Degradation Mechanisms of NiO/Ni(OH)2 
In this section, results on the investigation into the mechanism of coloration and 
the degradation phenomenon of NiO/Ni(OH)2 thin films in aqueous electrolyte are 
summarized [95]. The NiO thin films are fabricated using the CBD method and their 
morphological and structural information is given in section 4.1. The summary of 
 




reaction schemes during the redox cycling is schematically shown in Fig. 4-28. In Fig. 
4-28(a), each redox reaction is reversible and can give a stable cyclic response. 
Results of FTIR measurements [95] show that the evolution of NiO into Ni(OH)2 will 
take place with cycling of the potential for less hydrated samples, which is elaborated 
in Fig. 4-28(b). Schematic I in Fig. 4-28(b) illustrates the initial state of the NiO 
sample during CV cycling. In the initial state, the surfaces of the NiO are hydrated 
and consist of Ni(OH)2. As CV cycling proceeds, NiOOH will be formed during the 
oxidation cycle (schematic II) through outward diffusion of H+ ions. At the same time, 
the less compact structure of Ni(OH)2 also allows OH- ions to react with NiO at the 
Ni(OH)2/NiO interface to form additional NiOOH. Schematic III shows the bleaching 
cycle and it can be seen that the more favourable bleaching reaction will convert the 
EC-active NiOOH into Ni(OH)2; this process is the result of the inwards diffusion of 
H+ ions. This process effectively moves the Ni(OH)2/NiO interface into the deeper 
NiO part. When more Ni(OH)2 inter-layer structures are present, deeper NiO grains 
become accessible for the OH- ions and this gradually increases the EC-active region 
of the NiO thin film during the coloration cycle (schematic IV in Fig. 4-28(b)). As a 
result of the intertwined redox cycle process, the NiO gradually turns into Ni(OH)2. 
The entire process is known as the activation of the EC material during CV cycling.  
When the improved EC response reaches its maximum extent, a second 
intertwined redox cycle will start to dominate. When the film is highly hydrated with 
Ni(OH)2, the OH- ions are also cycled into the film during coloration. This process 
will bring in excess intercalated water and lead to the isolation of the coloured 
NiOOH regions, thus resulting in degradation. This degradation process is illustrated 
schematically in Fig. 4-28(c).  
 






Figure 4-28 (a) A summary of reactions during potential cycling between bleached 
and coloured states of NiO. Two pairs of intertwined redox reactions gradually 
converts NiO into Ni(OH)2 (evolution) and finally hydrates it to NiOOH (hydration) 
where continuous hydration causes isolation or degradation. (b) Schematics 
demonstrating evolution of NiO into Ni(OH)2. (I) The initial NiO grains with surface 
Ni(OH)2. (II) Outward diffusion of H+ ions colours Ni(OH)2. Inward diffusion of OH- 
ions colours deeper NiO. (III) Subsequent bleaching process with H+ ions converts 
NiOOH to Ni(OH)2 as the NiO/Ni(OH)2 interface moves inwards. (IV) This evolution 
then repeats itself to continuously activate NiO. (c) Schematics demonstrating the 
isolation process. Solid lines represent intercalated water. Coloration (I) and bleaching 
(II) can proceed if there is no isolation. During coloration, when intercalated water is 
introduced, regions of NiOOH can be surrounded by these water molecules (III). The 
isolated NiOOH then becomes inactive and remains coloured even during the 
bleaching cycle (IV). Coloration (V) and bleaching (VI) then proceed with increasing 
amount of NiOOH isolation.  
4.5 Summary and Conclusions 
In this chapter, the fabrication and characterization of Ni(OH)2 and NiO 
nanostructures fabricated using AAO templates on ITO/glass substrates is investigated. 
 




The Ni(OH)2 nanostructures is electrodeposited into the AAO template and then 
annealed to become NiO. By varying the deposition duration, open-ended and close-
ended Ni(OH)2 nanostructures are obtained. Ni(OH)2 thin films are fabricated using 
identical conditions (but without the AAO template) on ITO/glass substrates for 
comparison. CV cycling of the nanostructures and thin films is performed to 
investigate their EC performance. Compared to thin film structures, nanostructures 
show superior EC properties such as higher coloration efficiency, larger coloration 
modulation, etc. The results show that not only the large surface area but also the 
good connectivity between material and the electrolyte is of great importance for 
potential applications in EC devices. NiO thin films are also prepared by the CBD 
method. The coloration and degradation processes of these NiO thin films during CV 
cycling are investigated and a water isolation mechanism is proposed to explain the 




Chapter 5  
Fabrication and Characterization of NiO 
Nanostructures Fabricated Using Photoresist 
Templates Prepared by Laser Interference 
Lithography 
In this chapter, the preparation and characterization of more ordered nickel oxide 
(NiO) nanostructures fabricated using a photoresist template is discussed. The 
photoresist template is prepared using laser interference lithography (LIL). Nickel 
hydroxide (Ni(OH)2) is electrodeposited into the photoresist template with different 
patterns, for example rounded hole (HR) pattern and oval hole (OH) pattern. By 
varying the deposition duration, different Ni(OH)2 nanostructures are obtained. A 3-D 
Ni(OH)2 nanostructure consisting of a floated  thin film and underlying nanopillars is 
synthesized. The as-deposited Ni(OH)2 nanostructures are then annealed to become 
NiO nanostructures. Annealing of the as-deposited Ni(OH)2 transforms the floated 
thin film from a fully connected one to one with uniformly distributed cracks.  The 
mechanism of this fragmentation phenomenon during annealing is investigated. 
In Chapter 4, the synthesis of Ni(OH)2 nanostructures through a template assisted 
method is discussed. The template used is AAO on ITO/glass substrate. After the 
optimization for both anodization and electrodeposition processes, NiO/Ni(OH)2 
nanostructures are successfully fabricated and show enhanced EC performance 
compared to conventional thin films structures. However, we notice that there is 
bunching up and aggregation of the Ni(OH)2 nanowires after a drying process, which 
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can possibly impede the nanostructured material from bringing out its best EC 
performance. In order to solve this problem, we consider using other synthesis 
methods to obtain a more ordered structure; for example using a lithography-based 
method, which is one of the most widely used methods for fabrication of 
nanostructured materials. In the work presented in this chapter, LIL is adopted since 
this procedure is mask-less and can provide good controllability of the pattern size.  
5.1 Template Preparation by Laser Interference Lithography 
Ni(OH)2 nanostructures are fabricated by electrodeposition into photoresist 
templates prepared by the LIL process, which are then annealed to become NiO 
nanostructures. During the annealing process, the morphologies of these 
nanostructures change greatly and a unique fragmentation phenomenon is observed. 
To further study this fragmentation phenomenon, we prepared photoresist templates 
with different patterns and investigated the fragmentation mechanism systematically.  
In most industry related applications, fragmentation in thin film structures is 
treated as a failure phenomenon and the mechanism behind is well studied and 
understood. A large number of theoretical and experimental works in the literature 
have shown that the fragmentation pattern depends strongly on the geometry of the 
material system and the features of disorder [50]. Considering this, it is possible to 
create directional and ordered fragmentation in thin films through a careful design of 
material structure and geometry. In this way, if it is able to fabricate a thin film 
structure with regions of lower mechanical strength and poorer adhesion, 
fragmentation can be isolated to only these “weak spots”, thus creating an artificial 
fragmentation and crack propagation system. In our work, with photoresist templates 
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prepared by the LIL process, it becomes possible to obtain thin film structures with 
such special configurations. 
Photoresist templates of rounded hole and oval hole patterns are fabricated and 
their plan-view and side-view SEM images are shown in Figs. 5-1(a) and 5-1(b), 
respectively. As introduced in chapter 3, LIL creates the regular arrays by two 
orthogonal exposures through a 90° rotation of the sample during the exposure 
process. The width and height of the negative photoresist between neighbouring holes 
can be adjusted by using different exposure durations. For fabrication of rounded hole 
patterns, the duration of each exposure process is the same and the photoresist 
presents a patterning with a period of approximately 600 nm. For fabrication of oval 
hole patterns, the duration of the second exposure is a few seconds less than the first 
one. Different combinations of exposure durations have been investigated. When the 
second exposure is 20 seconds less than the first one, the exposure of the photoresist 
along the Y direction is not long enough and the negative photoresist dissolves easily 
after development. When the second exposure is 5 seconds less than the first one, we 
can still get patterns of round-shaped holes. Finally it is found that when the second 
exposure duration is ~10 seconds less than the first exposure, an ideal oval-shaped 
pattern can be obtained. As shown in Fig. 5-1 (b), it can be seen that the spacing 
between neighbouring holes in the Y direction is much shorter as compared to that in  
the X direction (Fig. 5-1 b1). The height of the photoresist along the Y direction is 
also smaller due to the longer exposure duration (Fig. 5-1 b2).  
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Figure 5-1 Image A, B: Planar and side-view SEM images of photoresist templates 
with rounded hole patterns. Images C, D: Planar and side-view SEM images of 
photoresist templates with oval hole pattern. Images B and D are taken at a tilt angle 
of 45°. 
5.2 Synthesis of Ni(OH)2 Nanostructures  
The schematic illustration of the plating or deposition process of Ni(OH)2 is 
shown in Fig. 5-2. The deposition condition is similar to the one described in chapter 
4 for the fabrication of Ni(OH)2 nanostructures in AAO templates. By varying the 
deposition duration, different Ni(OH)2 structures can be obtained.  
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Figure 5-2 Schematic illustration of the synthesis route of Ni(OH)2. The upper path 
shows the formation of a ring structure of Ni(OH)2 under short deposition duration. 
The lower path shows the formation of a floated thin film structure of Ni(OH)2 under 
long deposition duration. 
The Ni(OH)2 material is electroplated through the photoresist template. A careful 
control of the plating/deposition time will show that a continuous (though not 
necessarily flat) film can be obtained. As shown in Fig. 5-2, nanopillars are initially 
formed and when deposition proceeds, a thin film supported by only the pillars will be 
formed via the overgrowth of the material. This pillar-supported thin film has 
mechanically weak spots that are prone to fragmentation under stress. These are the 
areas that are not supported by the nanopillars (e.g., Region B in Fig. 5-3(a)). On a 
planar view, we can see that the weakest point will be the spots that are furthest away 
(i.e., Region A in Fig. 5-3(a)) from the nanopillars. This can be understood in a few 
ways. The regions that are not directly supported by the nanopillars can be described 
as “floating”. Therefore, there is essentially zero adhesion to any underlying substrate 
when compared to the films that are directly attached. In addition, due to the growth 
process, such regions that are away from the pillars are thinner. This makes them 
mechanically weak regions for cracking when stressed. Region C (i.e., nanopillar 
region) is the strongest spot as these are regions that are anchored to the substrate 
through the nanopillars. 
 
Fabrication and Characterization of NiO Nanostructures Fabricated Using 




Figure 5-3 (a) Schematic illustration of the photoresist with round hole pattern 
showing representative regions of A, B and C. The highlighted regions represents 
different propensity towards crack formation. Region A: weakest spot towards crack 
formation Region B: weaker spot towards crack formation. Region C: strongest spot 
towards crack formation. (b) A corresponding planar-view SEM image of the round 
hole photoresist pattern. 
For oval-shaped hole patterns, as illustrated in Fig. 5-4, region A remains the 
weakest spot. However, due to the anisotropy in the distance from the plating holes, 
there is a slight difference between regions B1 and B2. The reduced spacing between 
neighbouring holes will lead to an increase in overgrowth thickness only in the X 
direction, which corresponds to region B2. Therefore, crack formation will be 
preferred in region B1, where the film is thinner, where one would expect more 
fragmentation lines forming in the Y direction. 
 
Figure 5-4 (a) Schematic illustration of the photoresist with oval hole pattern showing 
representative regions of A, B1 and B2. The highlighted regions represents different 
propensity towards crack formation. Region A: weakest spot towards crack formation. 
Region B1: weaker spot towards crack formation. Region B2: strongest spot towards 
crack formation. (b) A corresponding planar-view SEM image of the pattern. 
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The SEM images of as-deposited Ni(OH)2 (after photoresist removal) using the 
rounded hole pattern photoresist template are shown in Fig. 5-5, from which one can 
observe the morphology evolution of the as-deposited Ni(OH)2 with increasing 
deposition duration. It is interesting to note that Ni(OH)2 initially forms a ring 
structure (Fig. 5-5A) and then grows into a shallow tube structure (Fig. 5-5B). When 
the deposition duration increases, hydroxides begin to deposit in the central area of 
the hole (Figs. 5-5C and D), although with a slower plating rate; the tube structure 
becomes less apparent and finally turns into a pillar structure. Once the hydroxides 
grow out of the holes, a join-up of hydroxides from neighbouring holes will take place. 
The original 2D nanopillar arrays now become a 3D nanostructure with nanopillars 
connected through hydroxides growing out of the holes (Figs. 5-5 E to H). 
The SEM images of as-deposited Ni(OH)2 (after photoresist removal) using the 
oval hole pattern photoresist template for different deposition durations are shown in 
Fig. 5-6. The morphology evolution is similar to that of the rounded hole pattern 
based samples. The only difference is that the shapes of the nano-ring, shallow 
nanotube and nanopillars are oval, which is in accordance with the shape of the 
pattern holes of the photoresist template. 
 
 
Fabrication and Characterization of NiO Nanostructures Fabricated Using 




Figure 5-5 SEM images of as-deposited Ni(OH)2 using photoresist template with 
rounded hole pattern, after photoresist removal. Images A, B, C, D, E, F, G and H 
correspond to Ni(OH)2 with deposition duration of 5s, 10s,15s, 20s, 40s, 60s, 80s and 
120s, respectively. Insets at the top right corner of A, B, C and D show the magnified 
images. Insets at the top right corner of E, F, G and H show the magnified images of 
the cross-sectional view of the floated thin film structure. 
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Figure 5-6 SEM images of as-deposited Ni(OH)2 using photoresist template with oval 
hole pattern, after photoresist removal. Images A, B, C, D, E, F, G and H correspond 
to Ni(OH)2 with deposition duration of 5s, 10s, 15s, 20s, 40s, 60s, 80s and 120s, 
respectively. Insets at the top right corner of A, B and C show the magnified images. 
Insets at the top right corner of D, E, F, G and H show the magnified images of the 
cross-sectional view of the floated thin film structure. 
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5.3 Annealing of As-deposited Ni(OH)2 Nanostructures 
As introduced earlier, annealing of the as-deposited Ni(OH)2 can improve its 
electrochromic (EC) performance. In this work, the as-deposited nickel hydroxides 
are under 300°C in air ambience for 90 minutes. SEM images of annealed Ni(OH)2 
fabricated using photoresist templates with rounded and oval shaped hole patterns are 
shown in Figs. 5-7 and 5-8, respectively.  
For Ni(OH)2 fabricated using the photoresist template with rounded hole pattern, 
when the deposition duration is less than 80 seconds (Figs. 5-7 A to D), the nickel 
hydroxides turn into nano-mushroom arrays after annealing. When the deposition 
duration increases (≥ 100 seconds), fragments of clustered nano-mushrooms are 
formed when neighbouring nano-mushrooms join up (Figs. 5-7 E and F).  
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Figure 5-7 SEM images of annealed Ni(OH)2 (at 300°C) using photoresist template 
with rounded hole pattern, after photoresist removal. Images A, B, C, D, E and F 
corresponds to Ni(OH)2 with deposition duration of 10s, 20s, 60s, 80s, 100s and 120s, 
respectively. Inset at the top right corner of each image shows the magnified image.  
For Ni(OH)2 fabricated using the photoresist template with oval hole pattern, 
when the deposition duration is below 40 seconds, the nanopillars of annealed 
Ni(OH)2 are partially connected in one direction and stripe structures can be observed 
(Figs. 5-8 A and B). When the deposition duration reaches 60 seconds and above, the 
floated thin film structure maintains after the annealing process and cracks between 
neighbouring nanopillars are observed (Figs. 5-8 C to F). With longer deposition 
duration (≥ 100 seconds), the fragmentation can still be observed but the break lines 
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are in-between fragments of nanopillars instead of a single nanopillar (Figs. 5-8 E and 
F). 
 
Figure 5-8 Figure 6 SEM images of annealed Ni(OH)2 (at 300°C) using photoresist 
template with oval hole pattern, after photoresist removal. Images A, B, C, D, E and F 
corresponds to Ni(OH)2 deposition duration of 20s, 30s, 60s, 80s, 100s and 120s, 
respectively. Inset at the top right corner of each image shows the magnified images.  
The possible chemical reaction behind the cracking phenomenon is investigated. 
As introduced in section 2.4.1 of chapter 2, there are two stages of chemical reaction 
involved during the annealing of Ni(OH)2 materials. The first one is the dehydration 
process, which takes place below 250°C as follows:  
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               Ni(OH)2·XwH2O  → Ni(OH)2 + XwH2O                    (5-1) 
The second reaction is the decomposition process which takes place above 250°C 
as follows: 
              Ni(OH)2 → NiO + H2O                                        (5-2) 
In order to understand which reaction is the dominating one that causes the 
fragmentation of annealed Ni(OH)2, annealing of as-deposited Ni(OH)2 under 200°C 
is also performed. Typical SEM images of Ni(OH)2 annealed under 200°C are shown 
in Fig. 5-9. It can be seen that the original morphologies of the as-deposited 
hydroxides are preserved after annealing under 200°C. This indicates that the 
morphology change of the annealed Ni(OH)2 at 300oC (in Figs. 5-7 and 5-8) is mainly 
due to the decomposition process, and not the dehydration process. The conversion of 
Ni(OH)2 to NiO causes a volume change of ~50% and the fragmentation phenomenon 
can relieve the strain from the resultant change in volume. 
 
Figure 5-9 SEM images of Ni(OH)2 annealed under 200°C, deposited in the 
photoresist template of rounded hole pattern with deposition duration of (A) 60s and 
(B) 100s. 
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5.4 Mechanism of Fragmentation Formation on Annealed Ni(OH)2 
In section 5.2, we introduced the idea of creating isotropic and anisotropic 
modified thin film structures using different patterns and this understanding can be 
shown to be valid by examining the initial crack formation of the modified thin film. 
Figure 5-10 shows the SEM image of such modified thin film with representative 
regions A, B and C. This SEM image shows the initial crack formation of the film 
after air drying at room temperature. Annealing at such temperature does not induce 
the loss of structural water and thus the strain build-up from the volume change is 
very small. The highlighted regions A, B and C represent different propensity towards 
crack formation. As discussed in section 5.2, region A has the least amount of 
overgrowth since it is farthest away from the plating holes. Being farther away from 
the holes also necessarily yields a higher residual photoresist, which is a natural 
consequence of the LIL procedure. Region A is also the area where there is least 
support from the underlying nanopillars. These conditions make region A the weakest 
spot of the modified film. The thin overgrowth without any anchoring to the rigid 
substrate makes region A mechanically weak. In addition, the larger exposed surface 
can lead to a faster drying rate that can create localized stress, thus resulting in region 
A being a spot that is prone to crack formation. The SEM image in Fig. 5-10 shows 
clearly that crack formation is most likely to take place in region A. Using the same 
reasoning, region B will have a stronger resistance to cracking since it is nearer to the 
plating holes, while region C is the strongest spot as this is a region that is anchored to 
the substrate through the underlying nanopillar. As can be seen from the SEM image, 
there is less crack formation in region B and no crack formation in region C.  
 
Fabrication and Characterization of NiO Nanostructures Fabricated Using 




Figure 5-10 SEM of air-dried Ni(OH)2 nanostructures deposited in a photoresist 
template of round hole pattern with deposition duration of 80 seconds showing 
representative regions of A, B and C. The highlighted regions represents different 
propensity towards crack formation. Region A: weakest spot towards crack formation 
Region B: weaker spot towards crack formation. Region C: strongest spot towards 
crack formation. 
We now examine the 300°C annealed samples fabricated using the photoresist 
template with round hole patterns. As shown in Figs. 5-7 A to D in section 5.3, when 
the deposition duration is less than 80 seconds, the continuous overgrowth of Ni(OH)2 
resulted in a nano-mushroom like structure and this structure remained after the 
annealing process. Firstly, this demonstrates the stability of the underlying nanopillars. 
Secondly, some continuous growth of material still remains between pillars, similar to 
region B in Fig. 5-10. This agrees with our expectation of preference in crack 
formation. Finally, observation of the high magnification SEM image shows crinkle-
like formation at the edges of the pillar. In such thin overgrowth layer, the curling 
process possibly accommodates some of the stress and volume change. 
When the plating duration increases, the thickness of the modified film on top of 
the pillar is also increased. The SEM images in Figs. 5-7 C and D show an overgrown 
film that forms well-ordered fragments without any clear crack propagation after the 
annealing. The individual pillars can still be discerned even though they no longer 
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stand out clearly. This is because the edge crinkle effect is also less obvious giving 
such film a decent coverage, whereby the substrates are not greatly exposed. Finally, 
as shown in Fig. 5-11(A), for a thick film overgrowth of ~110 nm on top of the pillar, 
crack formations are present in the as-deposited sample, even before the furnace 
drying process. The initial crack formation can be attributed to the larger stress built 
up for the thicker film. After furnace drying at 300oC, Fig. 5-11(B) shows the 
formation of a smaller number of cracks that displayed signs of propagation. 
Propagation of existing cracks appears to be a more efficient way to relieve the strain 
as opposed to creating new cracks for such thick films. As a result, larger repeated 
structures are formed instead. Comparing the structures in Figs. 5-7 B to D, we can 
observe that smaller structures spans basically only one pillar in dimension while 
typical structures larger than 2×2 pillars are frequently seen for the thicker overgrowth 
in Fig. 5-7 E.   
 
Figure 5-11 SEM images of (A) as-deposited and (B) annealed Ni(OH)2 at 300°C 
using photoresist template with rounded hole pattern and with deposition duration of 
100 seconds. 
From the final NiO structures obtained after annealing, we can provide some 
discussion on the formation process for such modified floated thin film. The modified 
film represents a film that is only anchored to a rigid substrate at the base of the pillar. 
This is unique as such a structure allows for early and controlled fragmentation. It is 
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important to understand that the obtained structures demonstrated are otherwise not 
possible for a typical coated thin film. Figure 5-12 shows conventional thin film 
structures of different thicknesses from 150 nm to 550 nm, grown using identical 
conditions directly on ITO/glass substrate. As introduced in chapter 2, for a thin film 
structure, fragmentation is expected to proceed above a certain critical thickness. In 
Fig. 5-12(B), small cracks on top of the film begin to form and the estimated critical 
thickness is ~260 nm. Therefore it can be seen that when the thin film thickness is 150 
nm, which is the same as that of the floated film in the nanostructure with a deposition 
duration of 120 s, after the same annealing process, little or no crack formation can be 
seen. For conventional thin films, crack formation is only observed for films with 
thickness above ~260 nm as a result of the higher built-up strain energy.  
 
Figure 5-12 SEM images of Ni(OH)2 thin films annealed under 300°C with 
thicknesses of A: 150 nm, B: 260 nm, C: 400 nm  and D: 550 nm. 
The pillar supported thin film presents a very different prospect in the crack 
formation. Tensile strain near where the crack formation occurs can build up due to 
the rigid anchor to the substrate. In the case of the pillar supported film, the crack 
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formation region is obvious. It can be seen that while the pillar provides the bulk of 
the material for the required built-in strain, the suspended film consists of mechanical 
weak spots that enable the crack formation. Interestingly, for a thin overgrowth, 
warping of the suspended film is observed after the crack formation as shown 
schematically in Fig. 5-13. This is partly a strain relieve process during the 
decomposition process and the warping direction possibly indicates a faster loss of 
water from the surface. Finally for the 550 nm thin film shown in Fig. 5-12(D), 
substantial fragmentation is observed. It is important to note that the fragmentation is 
random and not properly controlled, unlike those from the modified thin film. There 
are, however, some interesting similarities as can be seen from the warping at the 
edges of the fragments. Figure 5-13(b) shows similarly some warping at the edge of 
the larger structures after the annealing. This again can be attributed to both the strain 
relieve process and a faster dehydration from the surface. The delamination of some 
of the pillars can mean comparable strain relieve energies for delaminating a hetero-
interface as opposed to creating cracks in a bulk material. 
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Figure 5-13 Cross-sectional schematic illustration and SEM images of the evolution in 
the crack formation on Ni(OH)2 nanostructures with increased film thickness. Figures 
(a) and (b) correspond to annealed Ni(OH)2 at 300°C with deposition duration of 40 
seconds and 120 seconds, respectively.  
A statistical analysis of the created structures is also conducted. The variation of 
the fragment sizes with all the range of film thicknesses is summarized and shown in 
Fig. 5-14 for both the circular and oval shaped pattern films. It can be seen that the 
log-log plot of the square root of average fragment size (A) versus thin film thickness 
(h) yields a linear relationship. For the oval patterns, the scaling law of A = Khn 
appears to apply with a n value of ~0.9. Interestingly, for the circular patterns, the 
scaling law follows a less linear dependence with an n value closer to a quadratic 
relationship (n ~1.67). The corresponding K value for the circular pattern is lower at 
0.37. Based on the equation, the K value reflects the size of the fragments at lower 
thicknesses while the n value represents the extent of the scaling. Thus at lower 
thicknesses, we should expect circular patterns to yield smaller fragments. This can be 
directly attributed to a larger tendency for crack propagation for the oval structures, 
whereby crack creation is the dominant mechanism for the circular structures. As for 
the scaling capacity for higher thickness where crack propagation is rampant, the 
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meeting of propagating cracks is an additional factor. This happens more rarely when 
the cracks propagate preferably in a parallel direction. Thus for the circular patterns, 
isolation of some fragments when propagating cracks meet, forms an additional 
mechanism in creating larger structures. This explains the higher scaling relationship 
observed. Such understanding or statistics presents a facile approach for creating 
semi-regular nanostructures through fragmentation in a modified thin film. 
Characteristic sizes can therefore be achieved just by selection of templates with the 
required pattern and the control of overgrowth thicknesses. For example, a typical 
fragment size of ~0.3 μm2 can be obtained using a circular pattern template with an 
80nm film overgrowth. A switch to the oval pattern template will yield a larger 
fragment size of ~0.8 μm2.  
  
Figure 5-14 Dependence of the average square root areas of fragments (A) on the 
thickness (h) of the floated thin film. Triangles and squares correspond to the sample 
fabricated using template of oval and circular patterns, respectively. 
5.5 Electrochromic Characterization of Nickel Oxide Nanostructures  
The EC performance of the NiO/Ni(OH)2 nanostructures described earlier in this 
chapter is studied. In-situ transmittance modulation is performed with cyclic 
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voltammetry (CV) measurements to investigate the switching and optical properties of 
the obtained NiO/Ni(OH)2 structures. Figure 5-15 shows the transmittance modulation 
obtained for the different representative structures. The transmittance modulation is 
the difference in the transmittance between the bleached and coloured states. The 
lowest transmittance modulation is observed for the nanopillars array structure (i.e., 
short deposition duration of 20 seconds so there is no overgrown floated thin film 
above the nanopillars). This can be attributed to the lack of coverage to provide the 
necessary optical contrast. For structures with sufficient coverage (i.e., longer 
deposition duration with a resultant overgrown floated thin film above the nanopillars), 
a larger number of cracks will expectedly be preferred since this provides a better 
accessibility of the electrolyte for the materials. Therefore, structure with a large 
number of well distributed cracks (i.e., structures with deposition duration of 60 
seconds) gives the highest contrast. A thicker film that yields larger structures 
represents a coating that has a smaller number of cracks and fragments (i.e., structures 
with deposition duration of 100 seconds), and this comparatively reduces the 
modulation contrast slightly. It is important to note that for a thin film of comparable 
thicknesses, the transmittance modulation is much smaller at only ~18.5%. This can 
be achieved with much less material even for the pillar structure, while similar 
material in the structured form can easily achieve twice the value of transmittance 
modulation (up to 50%). Also, when compared with the NiO/Ni(OH)2 nanostructures 
obtained in chapter 4 using the AAO template, the nanostructures in this work shows 
an increase of 15% for transmittance modulation but with less material used at the 
same time. This demonstrates that high performing EC devices can possibly be 
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achieved using this nanostructuring approach of the coated films described in this 
chapter.  
 
Figure 5-15 Plot of transmittance modulation variation versus deposition durations for 
Ni(OH)2 deposited in photoresist templates with both rounded hole (RH) and oval 
hole (OH) patterns. The magnified SEM image above each column shows the surface 
morphology of each column shows the surface morphology of each sample.  
The coloration efficiency (CE) for the nanostructured NiO/Ni(OH)2 is also 
calculated.  As introduced earlier, CE describes the energy efficacy of the material by 
examining the optical contrast per unit charge. The CE values of different structures 
are calculated and the highest value is 72.2 cm2C-1, which is much higher than the 
value of 50.5 cm2C-1 for nanostructures fabricated using the AAO template in chapter 
4. This high CE value is attributed to a reasonable coverage of the oxide/hydroxide 
while providing easy electrolyte access through the fragmentation process. The 
ordering allows for a maximum utilization of the area since the fragment sizes can be 
controlled. The stability of the EC performance is also shown demonstrated as shown 
in the CV plots in Fig. 5-16. The initial increase in performance is shown by the 
increasing current density and this can be attributed to an activation process. In Fig. 
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5-16, we show reasonably stable CV peaks up to the 160th cycle where other reported 
works may have experienced a degradation process. As such degradation process can 
be caused by trapping of intercalated water [85], the structures in this work can 
possibly reduce this phenomenon through better material/electrolyte interaction. An 
optical image of the bleached and coloured states of the nanostructured sample is 
shown in Fig. 5-17.  
 
Figure 5-16 Cyclic voltammetry characteristics of Ni(OH)2 deposited in photoresist 
template of oval hole pattern with deposition duration of 60 s, recorded at a scan rate 
of 10 mVs-1 up to 160 cycles. 
 
Figure 5-17 Optical images of nanostructured NiO/Ni(OH)2 on an ITO/glass substrate 
in bleached and coloured states. 
The diffusion coefficients of a representative nanostructured NiO thin film and 
conventional NiO thin film are also calculated. Figure 5-18 shows the CV plots with 
scan rates of 5mV/s, 8 mV/s, 10 mV/s, 20 mV/s, 50 mV/s and 80 mV/s. The Randle-
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Sevcik model of the variation in the peak current density with scan rate is used to 
calculate the diffusion coefficient [96] as follows: 
Ip = 0.4463 nFAC (
୬୊୴ୈ
ୖ୘
)1/2                               (5-3) 
When the solution is at room temperature, the equation can be simplified to the 
following form: 
Ip = 267824 × 𝑛ଷ/ଶ × A × 𝐷ଵ/ଶ × C × 𝑣ଵ/ଶ              (5-4) 
In the above equation, Ip is the current maximum (A), n is number of electrons 
transferred in the redox reaction (usually taken as 1), A is the electrode area (cm2), F 
is Faraday constant (C mol-1), D is diffusion coefficient (cm2/s), C is the concentration 
of electrolyte (mol/cm3), T is temperature (K), R is molar gas constant: 8.314 m2kgs-
2K-1mol-1 and v is scan rate (V/s). Through plotting the cathodic peak current against 
v1/2 and calculating the gradient of the plots as shown in Figs. 5-18(A) and 5-18(B), 
the diffusion coefficient for nanostructured and thin film NiO/Ni(OH)2 can be 
calculated respectively through the following equation : 
𝐷 = ቀ ீ௥௔ௗ௜௘௡௧




ଶ଺଻଼ଶସ × ଵ× ஺ × ଴.଴଴଴ଵ
ቁ
ଶ
    (5-5) 
The calculated diffusion coefficient for the nanostructured and thin film 
NiO/Ni(OH)2 is 3.06 x 10-7 cm2/s and 1.01 x 10-7cm2/s, respectively. The higher 
diffusion coefficient for the nanostructured NiO/Ni(OH)2 is within expectation and 
can be attributed to the nanostructuring of the material. 
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Figure 5-18 Cyclic voltammetry plot of (A) conventional NiO/Ni(OH)2 thin film with 
thickness of ~220 nm and (B) nanostructured NiO/Ni(OH)2 fabricated using template 
of oval shaped hole pattern with deposition duration of 60 seconds. 
The response time measurements are also conducted for both nanostructured and 
thin film NiO. As an important aspect of EC performance evaluation, this 
measurement is used to determine the time it takes for EC materials to undergo a 
colour change from the coloured state to the bleached state, or vice versa. In this work, 
the response time is taken for the sample to reach 50% and 90% of the overall change 
in current during switching. The response time is measured by biasing the sample 
under alternating potentials between -0.25 V and 0.75V, the range of the bias is 
determined by a trial CV cycling which identifies the points of reduction (i.e., 
bleaching) and oxidation (i.e., coloration) of the sample. 
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The response curves to a step change in voltage or potential for three 
representative NiO nanostructures are shown in Figs. 5-19 to 5-21. The results of the 
response time measurements are summarized in Tables 5-1to 5-3. These three 
different structures (i.e., NiO nano-rings, nano-pillars and nanostructured thin film) 
are fabricated using a photoresist template of round hole pattern with deposition 
duration of 10 seconds, 40 seconds and 60 seconds, respectively. It is noticed that, 
with increased deposition duration, the response time of each sample also increases. 
The sample with 10 seconds deposition duration (i.e., NiO nano-rings) shows the 
fastest response time compared to the other two structures. This could be possibly 
explained by the fact that, an increased deposition duration will lead to more material 
being deposited and thus more material will be involved during switching, thus 
resulting in more time taken for reactions to complete. 
For the thin film sample as shown in Fig. 5-22(a), results of the response time 
measurement are summarized in Table 5-4. The thin film shows a much slower 
response time compared to NiO nano-rings and nano-pillars, which is within 
expectation since a nanostructured material can provide a much shorter ion diffusion 
distance when similar amount of materials are involved in reaction. It is noticed that 
the NiO nanostructured thin film shown in Fig. 5-21(a) has a slower response time 
compared to the NiO thin film, this could also be possibly due to the fact that the 
former structure contains more material. 
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Figure 5-19 Response curves of NiO nano-ring structure. (a) SEM image of the 
structure; the NiO nano-rings are fabricated using a photoresist template of round hole 
pattern with deposition duration of ~10 seconds. (b) Typical response curve to a step 
change in voltage. (c) Coloration response curve. (d) Bleaching response curve. 
Table 5-1 Results of response time measurements for NiO nano-rings. 
 
 
Fabrication and Characterization of NiO Nanostructures Fabricated Using 




Figure 5-20 Response curves of NiO nano-pillar structure. (a) SEM image of the 
sample; the NiO nano-pillars are fabricated using a photoresist template of round hole 
pattern with deposition duration of 40 seconds. (b) Typical response curve to a step 
change in voltage. (c) Coloration response curve. (d) Bleaching response curve. 
Table 5-2 Results of response time measurements for NiO nano-pillars. 
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Figure 5-21 Response curves of NiO nanostructured thin film structure. (a) SEM 
image of the sample; the NiO nanotructured thin film is fabricated using a photoresist 
template of round hole pattern with deposition duration of 60 seconds. (b) Typical 
response curve to a step change in voltage. (c) Coloration response curve. (d) 
Bleaching response curve. 
Table 5-3 Results of response time measurements for NiO nanostructured thin films. 
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Figure 5-22 Response curves of NiO thin film. (a) A top-view SEM image of the 
sample; the NiO thin film has a thickness of ~220 nm (b) Typical response curve to a 
step change in voltage. (c) Coloration response curve. (d) Bleaching response curve. 
Table 5-4 Results of response time measurements for NiO thin films. 
 
5.6 Capacitive Performance of Nickel Oxide Nanostructures 
In the previously reported works, it has been showed that the disorder in NiO and 
Ni(OH)2 materials can strongly enhance their electrochemical efficiency [97]. A low 
crystalline or amorphous-phase material has great potential to exhibit good 
electrochemical performance due to their high structural disorder [69]. In view of this, 
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the amorphous Ni(OH)2 and NiO nanostructures prepared in this work are able to 
show good pseudocapacitive performance.  
It is noted that the as-deposited Ni(OH)2 products are all annealed  under 300°C 
for 90 minutes. Previous works have shown that the heating conditions can 
significantly affect the specific capacitance (Cs) of the materials [88, 99].  Once NiO 
is formed during the annealing process, further heat treatment at a higher temperature 
may lead to decreased surface area and activity and thus results in a lower Cs value. In 
the work of Nam et al. [100], they reported that electrodeposited Ni(OH)2 show a 
maximum Cs value when annealed at 300°C, which is similar to the annealing 
temperature used in our experiments.  
Galvanostatic charge and discharge tests are conducted for evaluation of 
electrochemical performances of a representative NiO nanostructure. SEM image of 
the selected sample is shown in Fig. 5-23. The galvanostatic discharge curves of the 
NiO nanostructures measured in 0.1M KOH at different current densities with 
potential window of -0.1 to 0.55 V are shown in Fig. 5-24. This potential window is 
adopted to avoid the possible oxy-evolution and oxidation reactions during the cycling 
process. The specific galvanostatic capacitances (Fg-1) of the NiO nanostructures can 
be calculated as follows: 
Cs = I / [m (dV/dt)]        (5-6) 
where I is the constant discharge current, m is the mass of the active material and 
dV/dt is obtained from the slope of the discharge curve as shown in Fig. 5-24. The 
estimated mass of the sample is ~8.7×10-6 g with a sample size of ~1.5 cm2. The NiO 
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nanostructure exhibits a specific capacitance of ~240 Fg-1 at a low current density of 
1.125 μA/cm2.  
 
Figure 5-23 SEM images of the annealed NiO sample for specific capacitance 
measurement. (A) Low magnification and (B) High magnification SEM image. 
 
Figure 5-24 Galvanostatic discharge curves of the as-prepared NiO nanostructures at 
different discharge currents in 0.1M KOH electrolyte. 
5.7 Summary and Conclusions 
In this chapter, nanostructured NiO/Ni(OH)2 is fabricated on ITO/glass substrates 
using photoresist templates prepared by the LIL process. Ni(OH)2 is firstly 
electroplated into the template and then annealed to become NiO. A unique 
fragmentation phenomenon is observed during the annealing process. The 
fragmentation mechanism is studied in detail. To better understand the fragmentation 
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process, photoresist templates with round hole and oval hole patterns are prepared. 
Desired fragmentation systems are obtained in nanoscale regime. For comparison, 
Ni(OH)2 thin films are fabricated using identical conditions (but without the use of the 
template) with different thicknesses. The thin films are annealed as well and the 
fragmentation phenomenon is observed as expected. The fragmentation of thin film 
structures is random and cannot be properly controlled, while fragmentation of the 
nanostructured thin film is much more controlled and uniform. The proposed 
fabrication method can possibly be extended to other electroplatable transition metal 
oxides for different applications. 
EC characterization has also been performed for the annealed nanostructures. The 
nanostructured NiO shows excellent EC properties including high coloration 
efficiency, high transmittance modulation and stable cycling stability. Besides EC 
performance, the pseudocapacitive property of a representative NiO nanostructure is 




Chapter 6  
Fabrication and Characterization of Polyaniline-
Nickel Oxide (PANI-NiO) Hybrid Structures for 
Electrochromic Applications 
6.1 Fabrication and Characterization of PANI prepared by the Chemical 
Oxidative Polymerization (COP) Method 
6.1.1 Fabrication of PANI Films on ITO/glass Substrates using the COP Method 
and Characterization 
As introduced in section 3.1.5, PANI films are deposited using the chemical 
oxidative polymerization (COP) method. The colour change phenomenon during the 
polymerization process is shown in Fig. 6-1. 
 
Figure 6-1 Colour change during the polymerization process of PANI, (a) at the 
beginning of the process, (b) after 1 minute, (c) after 3 minutes. 
The as-deposited PANI on ITO/glass substrate has a dark blue colour, as shown in 
Fig. 6-2. It is noticed that the film is not uniform enough as there are still obvious 
PANI particle clusters on the surface of the sample, even after a cleaning process of 
rinsing the sample in a dilute hydrochloric acid (HCl) solution to remove the loose 
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PANI particles. SEM images of the as-deposited PANI film are shown in Fig. 6-3. The 
chain and globular morphology of the products, which is observed in Fig. 6-3, has 
also been reported in the work of Stejskal and Sapurina [79]. According to their work, 
the chain formation can be attributed to the nucleation and film growth while the 
presence of globules is attributed to the secondary nucleation of PANI 
macromolecules during the later stages of the polymerization process [79]. 
 
Figure 6-2 Optical image of PANI on ITO/glass substrate after 10 minutes 
polymerization. 
 
Figure 6-3 (a) Low magnification and (b) high magnification SEM images of the as-
deposited PANI on ITO/glass substrate. 
Optical images of the bleached and coloured states of the PANI film during CV 
cycling is shown in Figs. 6-4(a) and 6-4(b), respectively. PANI film in the coloured 
state shows a light blue colour. The result of transmittance measurement for a PANI 
film in 0.5M HCl solution is shown in Fig. 6-4(c). It is noticed that the transmittance 
modulation of the sample has an initial value of about 35%, which then quickly 
reduces to 15% at the 7th cycle. It is found that the reduced transmittance modulation 
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is caused by partially peeling off of the PANI film during cycling and this indicates 
the poor adhesion between the PANI film and the ITO/glass substrate. 
 
Figure 6-4 Optical images of PANI film on ITO/glass substrate in (a) bleached state 
and (b) coloured state. (c) Transmittance variation curve of PANI film during 14 CV 
cycles in 0.5 M HCl solution. 
In the above experiments, although PANI is successfully deposited on the 
ITO/glass substrate, the poor adhesion still remains a main obstacle for the subsequent 
electrochemical characterization process. In view of this, it is important to investigate 
the possible factors that affect the adhesion between the PANI film and ITO/substrate, 
for example the freshness of the APS solution, deposition duration and type of cycling 
electrolyte used. During our experiments, it is found that when aged APS (e.g,. 
prepared one week ago) is used, the as-deposited PANI films is non-uniform and can 
peel off from the ITO/substrate easily. Besides, the deposition duration can also affect 
the adhesion property of the PANI film. Different deposition durations have been 
investigated, from 8 minutes to 12 minutes, and the result shows that a deposition 
duration of 9 minutes gives the best adhesion quality. Moreover, the selection of a 
suitable cycling electrolyte is also important for improving the electrochemical 
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performance of PANI film. Besides HCl solution, H2SO4 and propanonic acid have 
been investigated. Propanonic acid is found to be the most suitable electrolyte since 
the performance of PANI film is much more stable in this weak organic acid. The 
transmittance variation curve of the PANI film in propanonic acid is shown in Fig. 
6-5(b), the sample shows a stable coloration modulation of 33% during the first 11 
cycles. The CV curve of the PANI film is shown in Fig. 6-5(a). Points P1 and C1, as 
labelled in the figure, indicate the conversion of leucoemeraldine to emeraldine salt, 
whereas points P2 and C2 indicate the conversion from the emeraldine base to the 
pernigraniline structure, as introduced in section 2.6.1. 
 
Figure 6-5 (a) Transmittance modulation variation curve and (b) CV curves of PANI 
film in 0.5 M propanonic acid for 11 cycles. 
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6.1.2 Fabrication of PANI on NiO Nanostructures using the COP Method and 
Characterization 
In section 6.1.1, the PANI film is deposited on ITO/glass substrate using the COP 
method and the process has been optimized. In this section, this method is used for the 
fabrication of hybrid structures of PANI-NiO nanostructures; the NiO nanostructures 
are prepared using the AAO template, as introduced in chapter 4.  
 
Figure 6-6 Schematic illustration of the deposition of PANI on top of the NiO 
nanowires. 
The schematic illustration of the deposition of PANI on top of the NiO nanowires 
is shown in Fig. 6-6. The SEM images of the NiO nanowires and PANI-NiO hybrid 
structure are shown in Figs. 6-7(a) and 6-7(b), respectively. As can be seen in Fig. 
6-7(b), after the PANI deposition, the original shape of the NiO nanowires still 
remains while PANI fully covers the nanowires. Cyclic voltammetry (CV) 
characterizations of the NiO nanowires and the hybrid structure are performed in 
0.1M KOH and 0.5M propanonic acid, respectively. The CV results are shown in Fig. 
6-8. The NiO nanowires show an average transmittance modulation of ~35% while 
the hybrid structure shows a value of ~45%. The transmittance modulation of the 
hybrid structure is also higher than that of pure PANI film on ITO/glass substrate, 
which is ~33% as shown in Fig. 6-5(a). Optical images of the coloured and bleached 
states of the hybrid structure are shown in Figs. 6-9(a) and 6-9(b), respectively. A 
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degradation process in the transmittance can be observed for the NiO sample during 
cycling, as shown in Fig. 6-8(a). However, for the hybrid structure, the transmittance 
is more stable and the degradation phenomenon is much less obvious. Thus, the 
hybrid structure of PANI-NiO can potentially provide not only larger transmittance 
modulation but also better cycling stability. The CV curves of NiO nanowires and the 
hybrid structure is shown in Fig. 6-10. For the NiO sample, the oxidation and 
reduction peaks can be observed where the bias is around 0.55 V and 0.44 V, 
respectively. However, for the hybrid structure, the oxidation and reduction peak have 
shifted and the shape of the CV curve is similar to that of pure PANI film on 
ITO/glass substrate. This indicates that PANI might be the dominating material 
affecting the colour change during cycling since it is easier for the electrolyte to react 
with active materials on the surface.  
 
Figure 6-7 (a) SEM image of open-ended NiO nanowires (b) SEM image showing 
PANI on top of these NiO nanowires. 
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Figure 6-8 Transmittance modulation variation of (a) open-ended NiO nanowires in 
0.1 M KOH electrolyte and (b) hybrid structure of PANI and NiO nanowires in 0.5 M 
propanonic acid. 
 
Figure 6-9 Optical images of the hybrid structure of PANI and NiO nanowires in (a) 
coloured state and (b) bleached state. 
 
Figure 6-10 CV curves of (a) open-ended NiO nanowires in 0.1 M KOH electrolyte 
and (b) hybrid structure of PANI and NiO nanowires in 0.5 M propanonic acid. 
Deposition of PANI on top of close-ended NiO nano-mushrooms structures has 
also been investigated. The schematic illustration of the fabrication process is shown 
in Fig. 6-11. SEM images of the NiO nano-mushrooms and PANI-NiO hybrid 
structure is shown in Figs. 6-12(a) and 6-12(b), respectively. As can be seen in Fig. 
6-12 (b), the original structure of the NiO nano-mushrooms also remains after PANI 
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deposition. CV characterization has been performed for both the NiO nano-
mushrooms and the hybrid structure and the transmittance modulation variation result 
is shown in Fig. 6-13. The degradation in the transmittance with cycling is much less 
for the hybrid structure as compared to the NiO nano-mushrooms. The NiO nano-
mushrooms show an average transmittance modulation of ~22% while the hybrid 
structure shows an average transmittance modulation of ~36%. Transmittance 
modulation of the hybrid structure is slightly higher than that of pure PANI film on 
ITO/glass substrate. This suggests that, when combined with PANI, NiO nano-
mushrooms show superior electrochromic performance compared to the nano-
mushroom structure alone. 
 
Figure 6-11 Schematic illustration of the fabrication of PANI on top of NiO nano-
mushrooms. 
 
Figure 6-12 (a) SEM image of close-ended NiO nano-mushrooms (b) SEM image 
showing PANI on top of these NiO nano-mushrooms. 
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Figure 6-13 Transmittance modulation variation of (a) close-ended NiO nano-
mushrooms in 0.1 M KOH electrolyte and (b) hybrid structure of PANI and NiO 
nano-mushrooms in 0.5 M propanonic acid. 
6.2 Fabrication and Characterization of PANI Prepared by the 
Electropolymerization Method 
In section 6.1, fabrication of PANI using the COP method is discussed in detail 
and the hybrid structure of PANI-NiO is fabricated using the same method. However, 
there is still space for improvement, for example the poor adhesion between PANI and 
the substrate. Although it has been found that using a weak organic acid, such as 
propanonic acid, can provide a much more stable cycling environment for PANI 
compared to strong inorganic acids such as H2SO4 and HCl, the adhesion problem still 
remains. In Fig. 6-8(b) and Fig. 6-13(b), a trend of decreasing transmittance 
modulation can still be observed, which is possibly caused by the peeling off of PANI 
from the NiO nanostructures. In this way, synthesis methods of PANI that can provide 
better adhesion property are worth investigating. Therefore in this section, the 
electropolymerization method for PANI synthesis is investigated in detail. 
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6.2.1 Fabrication and Characterization of PANI Film on ITO/glass Substrate 
Using the Electropolymerization Method 
In this section, PANI is synthesized using the electropolymerization method. Two 
factors are found to strongly affect the final morphology of the PANI film prepared 
using the electropolymerization method. One is the deposition voltage and the other is 
the deposition duration.  
Various deposition voltages have been investigared and the optical images of the 
products are shown in Fig. 6-14. When a lower potential is used, for example 0.8 V, 
the PANI film exhibits a greenish-blue colour, which corresponds to the emeraldine 
oxidation state of PANI. When the applied voltage is increased, the colour of as-
deposited PANI film turns darker with the same deposition duration. The sample 
fabricated using 1.45 V applied voltage exhibits a blackish-green colour, which 
possibly corresponds to the pernigraniline state of PANI [76]. SEM images of some 
representative structures are also shown in Fig. 6-15. It can be seen that with 
increased applied potential, the particle size of PANI also increases. With an applied 
potential of 1.35 V, interconnected chains of PANI particles are seen on top of the 
initial deposited layer of PANI. Under a higher applied voltage of 1.45 V, the size of 
the PANI chains exponentially increase and form thick long fibril structures. 
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Figure 6-14 Optical images of PANI films electropolymerized under potentials of (a) 
0.8 V, (b) 0.9 V, (c) 0.97 V, (d) 1.05 V, (e) 1.15 V, (f) 1.25 V, (g) 1.35 V and (h) 1.45 V, 
with deposition duration of 500 seconds. 
 
Figure 6-15 Top-view SEM images of PANI film electropolymerized under potentials 
of (a) 0.8 V, (b) 1.0 V, (c) 1.05 V, (d) 1.15 V, (e) 1.35 V and (f) 1.45 V with deposition 
duration of 500 seconds. 
In addition to applying different deposition voltages, the effect of using different 
deposition durations has also been investigated.  With an applied voltage of 1.0 V, the 
relationship between deposition duration and the thickness of PANI film is 
summarized and shown in Fig. 6-16.  
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Figure 6-16 Thickness of PANI film with respect to deposition duration under an 
applied voltage of 1.0 V. 
The result of CV characterization of the electropolymerized PANI film on 
ITO/glass substrate is shown in Fig. 6-17. The sample shows an average transmittance 
modulation of ~35%, as shown in Fig. 6-17(a). The CV curve is shown in Fig. 6-17 
(b). 
 
Figure 6-17 (a) Transmittance modulation variation and (b) CV curves of 
electropolymerized PANI on ITO/glass substrate in 0.5M propanonic acid. 
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6.2.2 Fabrication of PANI on NiO Nanostructures Using Electropolymerization 
and Characterization 
In the above section, synthesis of PANI using the electropolymerization method is 
investigated. When it comes to the preparation of a hybrid structure of PANI-NiO 
using this method, control of the growth rate and final morphology of PANI is 
important. With too high a deposition rate, PANI may exponentially grow on top of 
the NiO and the underlying NiO will not be able to take part in the colour changing 
process. Considering this, several more rounds of experiments are performed and it is 
found that using an applied voltage of 0.9 V with deposition duration of 50 to 200 
seconds is the most suitable deposition condition for synthesis of PANI on top of NiO 
nanostructures. The NiO nanostructure used in this work is prepared using a 
photoresist template fabricated by the LIL process, as introduced in chapter 5. 
There are two possible growth mechanisms for PANI electropolymerized on NiO 
nanostructures, as illustrated in Fig. 6-18. Detailed information of the growth 
mechanisms for electro-polymerized PANI has been introduced previously in section 
2.6.1 in Chapter 2. Mechanism I refer to the case that PANI is electropolymerized on 
both the ITO/glass substrate and the NiO nanostructures. Mechanism II refers to the 
case that the electropolymerization process of PANI is strictly confined on the 
ITO/glass substrate. 
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Figure 6-18 Schematic illustration showing two possible growth mechanisms of PANI 
on NiO nanostructures. 
SEM images of PANI on NiO nano-ring structures synthesised under 1.0 V with 
deposition durations of 90 seconds and 120 seconds are shown in Fig. 6-19, 
respectively. Based on these SEM images, one can tell that Mechanism I in Fig. 6-18 
is the actual growth mechanism of PANI on NiO as PANI is formed not only in 
between the nano-rings but also on top of the nano-rings.  
 
Figure 6-19 SEM images of PANI on NiO nano-ring structures after electrodeposition 
under 1.0 V for (a) 90 seconds and (b) 150 seconds. 
The CV characterizations of both NiO nano-rings and the hybrid structure of 
PANI and NiO nano-rings are conducted. SEM images of the NiO nano-rings and the 
hybrid structure are shown in Fig. 6-20. These NiO nano-rings are fabricated using 
photoresist template of round hole pattern with deposition duration of 10 sec. The 
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optical image of as-deposited PANI-NiO is shown in Fig. 6-21(a), with the as-
deposited sample showing a greenish-blue colour. Optical images of the bleached and 
coloured states of the hybrid structure are shown in Figs. 6-21(b) and 6-21(c). The 
sample in coloured state shows a violet colour. CV curves of the hybrid structure are 
shown in Fig. 6-22. It is noted that, the hybrid structure shows an average 
transmittance modulation of ~35%, which is almost the same as that of pure PANI 
film on ITO/glass substrate, as shown in Fig. 6-17(a). This indicates that NiO may not 
be participating in the coloration process. The poor performance of NiO cycled in an 
acidic electrolyte can be explained by the fact that NiO is known to be unstable in an 
acidic medium [85]. However, the PANI-NiO hybrid structure discussed in section 
6.1.2 still shows improved electrochromic properties, which might be due to the 
thicker PANI film formed on top of NiO using the COP method. In the hybrid 
structure, the PANI film can somehow also act as a protection layer for the underlying 
NiO during CV cycling in an acidic electrolyte. 
 
Figure 6-20 (a) SEM image of NiO nano-rings. (b) SEM image showing PANI on top 
of these NiO nano-rings 
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Figure 6-21 Optical images of PANI on NiO nanostructures in (a) as-deposited state, 
(b) bleached state and (c) coloured state. 
 
Figure 6-22 (a) Transmittance modulation variation and (b) CV curves of hybrid 
structure of PANI and NiO nanorings. 
6.3 Summary and Conclusions  
In this chapter, PANI films are synthesized using the chemical oxidative 
polymerization (COP) and electropolymerization methods. For fabrication of PANI 
film using COP, the process is optimized, for example using a suitable electrolyte, 
using fresh APS solution and adjusting the deposition duration. PANI film is then 
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deposited on top of NiO nanostructures using this method. The PANI-NiO hybrid 
structure shows improved electrochromic performance, including larger transmittance 
modulation and better material stability during cycling. For fabrication of PANI film 
using the electropolymerization method, the fabrication process is investigated in 
detail in terms of studying the effect of using different deposition durations and 
applied voltages. Hybrid structures of PANI and NiO nanostructures are fabricated 
using this method as well. The CV characterization result of this hybrid structure 
indicates that NiO may not be participating in the coloration process.  
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Chapter 7  
Conclusions and Recommendation 
7.1 Conclusions 
In this thesis, the fabrication and characterization of nanostructured Ni(OH)2 and 
NiO for electrochromic (EC) applications are investigated.  
Firstly, the fabrication and characterization of Ni(OH)2 and NiO thin films and 
nanostructures are studied in detail. For the first time, nanostructured Ni(OH)2 is 
electroplated/electrodeposited directly on ITO/glass substrates through AAO 
templates. A series of processes are introduced for a stable anodization process on 
ITO/glass substrates, including the usage of a Ti adhesion layer with appropriate 
thickness, employment of a two-step etching process to remove the barrier layer left 
after the anodization process, adjusting the anodization temperature, etc. To study the 
possible enhancement of EC properties brought about by the nanostructuring of these 
materials, conventional NiO thin films are fabricated as well on ITO/glass substrates. 
Detailed EC characterization has been performed and results show that the 
nanostructuring of materials has significantly improved their EC performance, e.g. 
showing larger transmittance modulation, faster activation during CV cycling, and 
higher coloration efficiency. By varying the electrodeposition duration, open-ended 
nanowires and close-ended nano-mushroom shaped Ni(OH)2 are obtained. The EC 
performance of these two types of structures further demonstrated that, besides the 
large surface area of the nanostructured material, an open pore structure is also of 
great importance for its usage in EC devices since this ensures a good connectivity 
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between the active material and the electrolyte. Moreover, the direct 
plating/deposition of the material will also eliminate the need for additional 
complicated processing steps when integrated into a practical EC device. This method 
also opens up possibilities in the nanostructuring of other electroplatable materials for 
applications in different areas.  
Secondly, we investigated the preparation of a more ordered NiO nanostructure 
using photoresist templates prepared by the LIL process. Ni(OH)2 is electroplated into 
the  resist template and then annealed to become NiO. During annealing of the as-
deposited Ni(OH)2 products, a unique fragmentation phenomenon is observed. To 
better understand the fragmentation mechanism, different resist patterns are designed 
and prepared, including round shaped hole and oval shaped hole patterns. Through 
adjusting the deposition duration, we make use of the overgrowth of Ni(OH)2 and 
create mechanical weak spots that are prone to crack formation during the annealing 
process. Desired fragmentation systems are obtained using templates of both round 
hole and oval hole patterns. EC characterization is carried out for these annealed 
nanostructures. The nanostructured NiO shows excellent EC properties such as high 
coloration efficiency, high transmittance modulation and stable cycling stability. 
Besides the EC performance, the pseudocapacitive property of a representative NiO 
nanostructure is also investigated.  
The fragmentation mechanism of annealed Ni(OH)2 is studied in detail, including 
crack formation and growth, the relationship between fragment size and the thickness 
of the floated thin film, etc. Making use of this mechanism, one is able to design and 
create a novel fragmentation system in nanoscale regime, which possibly yields great 
potential in those surface related applications that prefer large surface-to-volume ratio 
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and good inter-connectivity of material. For comparison, Ni(OH)2 thin films are 
fabricated using identical conditions (but without the use of the template) with various 
thicknesses. The thin films are annealed as well and the fragmentation phenomenon is 
observed as expected. The fragmentation of thin film structures is random and cannot 
be properly controlled, while fragmentation of the nanostructured thin film is much 
more controlled and uniform. The proposed fabrication method of nanostructure 
materials can possibly be extended to other electroplatable transition metal oxide for a 
wide variety of applications. 
Besides inorganic EC materials such as NiO and Ni(OH)2, an organic EC material, 
polyaniline (PANI), is also investigated in this thesis. PANI films are synthesised 
using two different methods, namely chemical oxidative polymerization (COP) and 
electropolymerization. For fabrication of PANI films using the COP method, the 
process is optimized by using a suitable electrolyte, using fresh APS solution and 
adjusting the deposition duration, etc. PANI film is then successfully deposited on top 
of NiO nanostructures using this method. The PANI-NiO hybrid structure shows 
improved electrochromic performances, including larger transmittance modulation 
and better material stability during cycling, as compared to that of NiO nanostructures 
and pure PANI film. For fabrication of PANI films using the electropolymerization 
method, the fabrication process is investigated in detail, including studying the effect 
of using different deposition durations and applied voltages. Hybrid structures of 
PANI and NiO nanostructures are also fabricated using this method. The CV 
characterization result of this hybrid structure indicated that NiO may not be 
participating in the coloration process, which could be due to the fact that NiO is 
unstable in the acid electrolyte. 
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7.2 Recommendation for Future Work 
For NiO nanostructures fabricated using the AAO template, their EC performance 
is strongly affected and limited by the bunching up and aggregation phenomenon. To 
solve this problem, a critical point drying (CPD) process can be introduced. The EC 
performance of ordered NiO nanowire arrays should be improved due to a larger 
surface area and better connectivity with the electrolyte. Another EC property that can 
be improved is the coloration efficiency. A higher nanowire density can increase the 
surface area for the EC process to proceed, thus leading to a lower Q value and a 
higher CE value.  
For those NiO thin films prepared by the CBD method, the main focus is to 
investigate their coloration mechanism during the electrochromic process. The 
extensive intercalated networks can isolate NiOOH grains that results in irreversible 
coloration and this is commonly reported as degradation. A water isolation process is 
proposed to explain this degradation phenomenon. However, FTIR characterization 
alone is not sufficient enough to confirm the isolation process. If the water isolation 
can be confirmed via TEM characterization, the proposed degradation mechanism of 
NiO thin films and Ni(OH)2 nanostructures can then be better understood. A thorough 
understanding of the coloration and degradation mechanisms can help to improve both 
efficiency and durability of NiO electrochromic devices. 
For NiO nanostructures fabricated using photoresist templates, the height of the 
nanopillars is limited due to the template height. When a thicker photoresist is used, 
the height of the products should be increased as well. For our case, if it is able to 
obtain much higher nanopillar arrays, the EC performance could be improved greatly 
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(e.g., a much higher coloration variation). Moreover, by using an appropriate 
photoresist, one will be able to obtain nanopillar arrays with variable heights from less 
than 100 nm to a few hundred nanometers, which can be used in different application 
areas.  
In addition, as mentioned in chapter 2, 3-D nanostructures can be fabricated using 
the LIL process. By choosing an appropriate type of photoresist and exposure 
procedure, one will be able to obtain a 3-D template. Ni(OH)2 can then be 
electrodeposited into this template to form a 3-D nanostructure. It will be very 
interesting to study the EC properties of this 3-D structure since the surface area and 
interconnectivity are greatly increased. In addition, we can also try Ni deposition 
using such a 3-D template. Once a 3-D Ni nanostructure is obtained, through 
annealing the 3-D structure, we may obtain very interesting structures since the 
nanoscale Kirkendall effect will be involved [9, 101].  
For hybrid structures of PANI and NiO nanostructures synthesized using the 
electropolymerization method, the NiO seems not to be participating in the coloration 
process. This problem is also reported in previous works as NiO is not stable in an 
acidic electrolyte. In view of this, finding a more suitable electrolyte and increasing 
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